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ABSTRACT

The effects of mcierial strength upon the transient response of thick
gluminum targets to hypervelocity impact has been studied experimentally.
Most experiments involved the normal impact of 2017 aluminum spheres ot
a velocity of about 7 km/sec, Material strength was varied by employing
targets of 1100, 6061, and 7075 aluminum alloys. Flash x-ray techniques were
used to measure accurately the rate at which the crater grew during the im-
pact process, Definite material strength effects were detected, even between
different heat treatments of the same alloy (7075-T0 ond 7075-T6). Crater
growth rates were also measured for 1109 cluminum in four separote ronges
of projectile velocity from 2.3 km/sec to0 7.0 ken/sec. Comparison of these
results with ovailable theory indicates general agreement, but demenstrotes
that alterations to the theory will be required to obtain dejailed agreement.

Free surface velocity and Hopkinson fly-off disk techniques were vs2d
to measure values of the peak normal stress ot various distonces from the
impact point (between 1 cm ond 10 cm) ot several related argles away from
the projectile trajectory. The results indicate propagetion of a n=arly spherical
wave with constant stress amplitude out to 30° off axis. A large decrease in
stress amplitude occurs at higher angles. The mecsurements of the vaoriation
of stress omplitude with distance into the target demonstrated significant non~
hydrodynamic stress ottenuation believed to e associated with propcjation of
an elastic relief wave from the rear of the impacting projectile, Comnarisons
with one-dimensional theory olso indicate that the stress ottenuaticn is sensitive
to the loading history in the cr~t2i- region, Numerical calculations yield
reasonchle agreement with experimental results, but many of the defails are
in question, Measurement of shock arrival time with quartz disk sensors con-

firmed the elastic-plastic behavior of the target moterial,
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Constant used to fit anaiytic curves to experimentai data, defined
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Dimensionless constant used to fit exponential equation to crater
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by projectile diameter), or
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Maximum Brinnell Hordness Number (BHN) in crater region,

Bulk sound speed (cm/sec)
Capacitance(farads)

Projectile diometer (cm)

Crater diameter (cm); also used as subscript to refer to the crater
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Energy (ergs) in similarity blast wave theory.

F.o Projectile energy (ergs).
2
3 E’ Elastic modulus (dyres/cm”) of target
2.
f X-direction piezoelectric constant (coulombs /cm -kilobar), or

Dimensionless similarity pressure variable (Eq. i3).

g Dimensionless similarity energy varicbie (Eq. 13).
& Bulk Modulus (dynes/cm?)

H Subscript, implies value on the Hugoniot..

i Subscript, implies value of impact point, or

I (7)is integral defined in Eq. 22,

k,'E Constant, dafined by specific opplication.

K Bulk modulus (dy'nes/cmz)

L Length (cm)

M y Momentum of fly-off disk {gm=-cm/'sec)

n Constant, defined by specific application, or

As subscript, implies "normal to the shock front®,

: p Crater penetration or depth (cm); also used as subscript to refer
X to crater depth, or

Pressure (dynes/ cmz).

Q Cherge (coulombs),

j r Radial coordinate in cylindricol of spherical coordinate system.
r Projectile (sphere) radius {cm).
s § ‘ re Radius of L/D=1 cylinder equivalent in mass to sphere with radius
: r
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In tlat plote target, the distance from the intersection of the
rajectory of the projectile with the rear surface of the target
out to a point on that surface,

Vector from impact point to point of interest on the target rear
surfoce,

Scaling radius {cm) defined by Eq. 34,
Radius (em) of cylindrical projectile, Heyda model.

Shock readius, distance {cm) from impact point to point of interest
on the shock front.

Projectile radius (cm) for sphere,
Adjusted shock radius (cm) for shifting coordinctes in Karpov model,

As subscript refers either to "shock” or "scaled" depending on
application, or

Constant in linear Hugoniot (Eq. 27).

Time (sec).

Thickness (cm).

Particle speed (crm/sec) in the solid material; also the rodiul
component of the velocity vector for o particle in ¢ spherical
coordinate system,

Prcjectile velocity (cmy/sec).

Fly-off disk velocity (cm/sec).

Freu surface velocity {cmy/sec).

Specific volume (cm3/gm), or

Electrical potential {volts).

Coordinate in Cartesian system,

Coordinate in Cat tesian system,
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Yield strength (dynes/ cmz).

Static yield strength (dynes/cmz).

Coordinate in Cartesian and Cylindrical systems,
Shock impedance (gm/ cmz-sec)

Angle between trojectory and R on five-facet target,
Angle between trajectory and R cn three-facet torget,

Ratio of specific heats ¢ /c ; a constant in the perfect gas
P o Sy P

aquation of state, Allowed to vary in some cpplications here,
Gruneisen factor in solid equation of state,

Angle beiween shock front and free surface at point of reflectior,
Non-similar portion of solid equation of state (Eq. 26).
Functional form of equation of state, such as e=p {(,) , or
Proportionality constant in Eq. 59.

Similarity varicble, 1= r/P.s(t).

Angle off-axis, ie the angle between the projectile trajectory and
the line from the impact point to the point of interasst,

Compression, p == p/p, -~ |

Dansity of cornpressed moterial (gm/cm3).
Density of undisturbed material (gm/cms).
Density of Projectile (gm/'cm3), uncompressed,

Density of Target (grn/cm3), uncompressed,

Standard deviation.

Normal stress, usually ot the shock front (dynes/cmz).




R AL T

Peak stress ot impact (one-dimensional plate impact equivalent,

]
E
E 2

dynes/em®),

‘ T Exponential period for cr. er growth (sec), or

Shock transit time through quartz disk (sec).
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1 Time decay constant for quartz gauge (sec).
- é Dimensionless similarity porticle velocity variable (E3, 13),
v Dimensionless similarity density variable (Eq. 13),
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3 HYPERVELOCITY IMPACT -- MATERIAL STRENGTH
: EFFECTS ON CRATER FORMATION AND SHOCK
' WAVE PROPAGATION IN THREE ALUMINUM ALLOYS

1. Introduction

The phenomena of the very high speed coliision of solid projectiles

with solid targets -~ termed "hypervelocity impact" -~ have been the subject

LA

of research for mor:: than two decades, Only within the last few yeors, how-
aver, have the tools for reolly detailed study of such impacts been available,
The advent of the modern, ultraspeed digital computers hes made the opplica-

tion of detailed theory to this problem practical, Likewise, the development

of advancad projectiie lounching techniques, such as the light gas gun, ond the

availability of submicrosecond electronic and optical instrumentation have

SlaEaic Dk st dabuicsids

made experimental studies ¢f the dynomics of the impact processes feasible,
While "post mortem" studies of hyperveiccity impact abound in the litercture,
experimental studies of the dynamics of th:e impact events are rother rare

even though they represent the most fruitful arec for direct verification of
theory. Both the difficulty and cost of performing accurate dynamic e: peri-
ments have confributed to this situction. The direct correlation of theory with
experiments has in the past contributed the most to understanding the ghenomena
involved and, hopefully, this trend will continue in the future,

In this dissertation one of the bosic problems in hypervelocity impact --
the perpendicular impact of a sphere onto a thick target of like moterial -~ was
selected for study. The emphosis was on experiments ond was directed toward
studying two rather distinct and separable aspects of the prublem -- the forma-
tion of the craler ond the propagation of the induced shock wava into the targe:
material, In particulcr, it wos deemed important to investigate the effect of
material strength upon the shock propagation phenomena since little dynamic

information is availoble in this area ond since only recently have the theoreticel
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techniquas been able to treat the effects of material strength. The target mcter-
ial used was aluminum; a ronge of material strengths was obtained by varying
the alloy and heat trectment,

The exoeriments were conducted in two phases, The objective of the first
was to measure the size and shape of the growing crater as a function of time
aofter impect. Flash x~-radiography end srecise timirg methods were employed
to accomplish this, in the second phase, the objective was to measure the peak
stress in the shock weve as a function of position in the target and to monitor
the time history ot the shock front (shock trajectory). The develcpment of ac-
curate optical techniques and arrivai time gauges was required to obtain this
dcta. The resuits obtained have been analyzed in terms of the phenomenology
occurring and detaiied comporisons have been made with existing computer
solutions to similor impact events,

While this study is concerned with o very basic physical phenomena, the
results have practical, although perhops somewhat irdirect, opplication in at
least two areas. First, the effects of hypervelocity impact are important per se,
A projectile moving ot hypervelocity represents an extremely destructive device,
It has a great cmount of kinetic energy which, upon impact, is delivered in a
concentrated form over a very small area of the target. As such, hyperveiocity
impacts represent a petenticl damage mechonism of high effectiveness, ‘Neopons
designed specifically to produce hypervelocity projeciiles coyld represent a
threat either to space vehicles or to ballistic missile reentry vehicles, Like-
wise, the natural hypervelocity fragments, micormetecroids, represent o
hozard to unprotected space vehicles, Since both space and reentry vehicles
are important components in many of our military systems, the Department
of Defenise has sponsored broad research on hypervelocity impact effects for
many years, Particularly good summories of this resecrch up to 1965 are in-
cluded in the various Hypervelocity impact Symposium Proceedings {Ref, 1
end 2). A good survey of hypervelocity impact research and its application

to the hazards of micrometeroid impact is given by Cesby ond Lyle (Ref. 3).
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Hypervelocity impacts onto thick metal targeis represent one class of
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problems involving the formation of cavities and propagation of diverging shock

AT

waves in solid materials. Such problems as the surface cratering produced by

Y

nuclear or corventional explosives, explosive forming for monufacturing epera-
tion, the formation of lunar craters, ballistic impacts into armor, etc,, ore all
amenahble to trectment by the numericc! technigues originoily developed to solve

the hypervelocity impact problem. To the extent that this effort coni-ibutes to
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better understanding of or to increasing the cor:fidence in the opplication of this

body of theory, it also contributes to the study of these other imgortant phenomena.
The remainder of this dissertation is devoted to ¢ detailed discussion

of the hypervelocity impact problem selected and the presentation of the results

of the study, Chepter il discusses the physical phenomeno of the cratering pro-

cess and the furmation ond propagation of the shock waves in the medium. The

numerical techniques currently used to study this problem ore aiso discussed

briefly. in Chapter il the experimental techniques and data hendling for the

crater growth studies are detailed. The results of the croter growth experi~

ments are presented in Chapter IV clong with an analysis of the results and
correlation with available computer results. Chapter V contains o description
of the experiments designed to study wave propagation while Chapter V| presents
the results of this phase of the study and a discussion and analysis of the experi-
mental data,

Existing ond modified analytical, similarity-like theories designed to
study the hydrodynamic phase of the wave propagotion are presented in Chapter
VI olong with o detailed correlation of the experimental results with the analyti-
cal theories and the results of several numerical treatments of impact events.
The conclusions and recommendations are summarized in Chopter Vill and the
references are located in Chapter IX. The several appendices present the un-

processed experimental doto and detail varicus aspects of the experiments,
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E Probebly the most fundamental multi-dimensional problem in impact

E physics is that of a compact projectile incident normal to the planar surface of

E an infinitely thick metol target of fike material, If the projectile velocity is

A

sufficiently high, say obove the speed of sound in the target material, the im-
pact results in the formation of o roughly hemispherical crater in the target and
may be termed "hypervelocity" impact. An exomple is shown in Fig. 1 where the
material was sufficiently ductile thot lips or rims were formed on the crater, If

3 the target is not infinitely thick, the stress waves produced by the impact wili be

reflected off the back surface as tensile waves and can produce fracture of the

moterial -~ spall -~ as shown near the rear ond in the corners of the target.
Targets of intermediate thickness still produce reflected tensile waves, but these
wuaves are attenuated to such an extent that they do not produce spell and, fo:- suf-
ficient thickness, do not offect the process of crcter formation. This is defined as
a quasi-infinite thickness,

At somewhat lower valocities (Ref, 3:63) the craters tend to be less hemi-
spherical with the depth greater than the crater radius, The projectile tends to
retcin its identity although it may deform or fragment into smoall pieces; this is in
centrast to the hypervelocity case where the projectile tends to merge with the
target material in the plastic flow thot occurs in the growing crater, In the limit
of very low velocities, the more conventional ballistic effects such as deep pene-
tration may be observed if the projectile strength is sufficiently high, These jow
veiccity phenomena have been excluded f-om the research effort described here,

The fina! results of hypervelocity impocts, i.e. crater rodius, depth, lip
height, spall effects, etc., have been the subject of intensive experimenta! study
over the past ten or raore yecrs, Wide varieties of matericls have heen impacted
by projectiles of many shapes, sizes, ond matzrials at velocities as high as 15

km/sec although dato above 10 km/sec is very scarce. The results (Ref, 4 and 5)
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Fig. 1. Hypervelocify Impact Crater in Soft Aluminum

have been incorporoted into several empirical equaticns relating crater depth to
impact velocity, projectile and target densities, maoterial strength parameters,
torget kardness, and o host of other potenticl independent vcriables. These ond
a wide variety of other empiricol laws represent impacts recsonobly accurately
over restricted ranges of the independent variaobles, When extrapolated outside
these limited ranges, these formulae yield widely divergent results,

The point of citing the vast empirical studies performed is merely to
point out that post mortem studies of creters do not leod to fundamental uncer-
standing, These results cannot be confidently extrapoloted to new situations or
to new materials, Historically, this situation led to an emphasis on theory and

fundamental understonding of the cratering process,

Crater Formotion and Shock Wave Propagation

Recent studies (Ref, 3:64; 6:584-685; 7:1-3, 14) have yielded the following

phenomenological picture of the crater formation process. The precess has been

5 .
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divided into four phoses for ease of agscripiion, bul 1§ should be borne in mind
that this divisicn is arbitrery and thot there is a smooth transition between
phases, Figure 2 illustrates these phoses,

Tronsient Stage. (Stage 1 in Fig. 2) Immediately upon impact the pres-
sures at the points of contcct are much greater than the moterial strength so that
the material behaves as a compressible fluid and the pressures are the sume as
those that would be produced by a one-dimensional impact {such as o flat plate
impact), The initial pressure can reach several megabors for certoin impacts.
These pressures can be calculated by oppropriately appiying the Renkine-Hugoniot
jump conditions if the equations of state of both target and projectile are known.
Immediately, rarefaction waves originating ot the projectile edge advance through
the shocked region, decreasing the pressure and creating lateral flow. This
phose ceases in ¢ very short time, essentiolly when the projectile has contacted
the torget across its whole face ond rurefaction waves have reached the shock
generated by the original contact, This phase generally lasts a smoll froction of
n microsecond during which strong shock waves propagate only o very short dis-
tance into the torget,

Penetration Stoge. (Stage 2} During this stage the shock remains attached
to the growing cratar since the velocity of the incoming projectile is still greaoter
than the shock velocity in the target materiai, i.e. an "equilibrium" condition is
reached where th= shock in the target is stationary with respect 7o the moving
projectile-target interface, This shock front is thin and contains o very high
eneryy density, This phase con still be considered hydrodynamic since the pres~
sures are much greater than the material strengths, The penetration stage is of
importance when the impact speed is several times the sound spead. in the
ronge of projectile velocities accessible to experiments (in metol torgets) the
duration of this phase is so short that it can generaily be ignored.

Cavitstion. (Stoge 3) Release waves and lateral flow slow the projectile
ond cliow the shock wave tc detech from the growing crater boundary ond proceed

into the torget, The exact structure of the shock wave so generated, i.e, the loading
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Fig. 2, Four Stages of Hypervelocity Impact Crater Formation

nistory, is quite complicated since it is governed by events taking place in the
region of the expanding covity. In addition, the shock wave is attenuated ropidly
due o the roughly spherical divergence created by the geometry. The net effect
is that the impact creates ¢ compressive stress wave with neither the constant
amplitude nor well-defined duration that resulis from the impact of a flot plate
on a flat surface,

In addition, the shock wave generated by the impact travels through the
projectile, reflects off its rear surfoce and creotes unloading waves (elastic as
wel{ as plastic in a material with strength) which then propagate through the
compressed matericl in the target. Even though the behavior of the compressed
shock wave is essentially hydrodynomic at this point, material strengths cannot
be neglected since the tensile yield strength determines the amplitude of the
elostic unloading wave while the volues of the bulk madulus, K, and sheor modu-

fus, G, in the compressed material determine the elastic wave velacity,

~ad
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Meanwhile, the material near the crater face is subjected to streng shear
forces in the presence of substantial heating or melting (or vaporization ot very
high impact velocities) which results in the ejection of much of this material from
the crater ot high velocity,

Elastic-Plastic Stage. (Stage 4) In this final phase, the crater growth and

stress wave propagation become completely uncoupled, The croter continues to
grow by plastic flow and elastic deformation. The crater growth is finally arrested
by the strength of the target material. If there has been significont elostic deforma-
tion, it is possible for the crater tc recover (decrease in size) to its final size and
shape. For certain types of materials, fracture ond spall can occur during this

tinal phase, In extreme cases such as rocks, the fracture and spall can obscure

the form of the crater,

In addition, the unloading waves generated in the region of the crater
catch up with the compressive piastic wave front in this phase and contribute to
further reduction of its amplitu'e, A combination of unloading and spherical
divergence eventually reduces the shock wave amplitude to the point where it be-
comes an acoustic disturbance.

During these stages of growth the pressure in the region of the growing
crater changes drastically, Upon impact the stresses become very high ~-
megabars in many coses, During the second stage of growth the stresses are
sustained at high, although not maximum, level by the continued loading of the
impacting orojectile, During the third stage the stresses decay due to rare-
faction processes and geometric attenuztion in the material. Finally the stress
may go into tension, creating spoll and fracture phenomena, and perhaps some
elastic recovery of the croter, For different impacts, the details may change

drastically, but the overall processes ore the same,

Previous Experimental Studies

The measurement of events occurring during the formation of an im-

pact croter represents a very difficult task, In the typical impact, the complete




crater formation process lasts only several tens of microseconds, The initial
propagation of the shock and early phases of the cratering last only o few micro-
seconds or less, Most of the interesting phenomena occur either inside the solid
target or ore obscured by the ejecta from the crater, The piacement of measur-
ing devices in the path of the shock or growing croter dis.-upts the cratering pro-
cess, sometimes maoking measurements imposs’ble to interpret. Ai the earliest
times the pressures are so high that they cannot be measured directly, All of
these difficulties explain, perhaps, why such a small number cf experimental
studies of traasient cratering phenomena have baen performed,

Some of the earlizst studies of transient phenomena were corducted by
Kineke and his coworkers ot the Ballistics Research Laboratory, In Ref, 8
Kineke studied the externai ramifications of the impact of a 0.18 gram steei
disk onto a lead target of o velocity of 5,01 km/sec by means of sequential
flash radiographs, Leud is so opaque to the x-rays that only a "shodewgreoh”
of ejecta and growing crater lip could be obtained, A crude estimate of ejecta
velocity was obtained and crater growth was studied by measuring the minimum
diometer of the opparent crater lip in each radiograph. The results showed c
ropid increase in diameter for the firs* 100 use. followed by a slower rise fo a
peck ot 400 usec and by a slight decline at later times, No direct connection of
these lip growth rates to crater growth rates was attempted, Additional maasure-
ments of crater growth rates under nearly identical impact conditions were made
with 1100-0 aluminum (flash radiogrephs) and Lucite® istreak camera). The
complete crotering process lasted about 10 usec in aluminum and cbout 80 usec
in Lucite(.'D

in a iater study (Ref. 9) additional dato on steel disks impacting lead
were presented, The studies appear to involve =onsiderabie errors in the deter-
mination of the time interval between impact and the x~radiograph. Projectile
orienation at impact also may have infiuenced the scatter in the results, In
addition the time of arrival of the shock front ot various depths in the target

was measured by means of a series of holes in the target perpendiculor to




the impact, Thece holes ware back light «d and viewed with a streck camera.
Blanking of a hole indicoted shock arrival, Again timing with respect to impact
was somewhat inexact, Borh the response time of the pinholes and their effect
upon the stress propagation must be determined before this technique could

yield accurate data.

Frasier and Karpov 1ave studied impacts into wax targets, Wax has
several advantages for this type of study: (1) can be internally instrumented;

(2) has low dilatational wave velocity; and (3) acts like a very soft, ductile metal
under impact. Their initial studies (Ref, 10) involved using the emf generated by
a wire moving in a magnetic field to monitor material motion within the target.
Fine wires were imbedded in the wax and the output was monitored on oscillo-
scopes, This data allows calculation of the pressures within the target, Ad-
ditional dota resulted from continuing studies {Ref, 11) in wax, in which piezo-~
electric (tourrnaline disks) pressure gauges and flash radiogrophic methods
were employed in oddition to the inuuction wire technique. This group was

able to get peck particle speed, shock propagation speed, and peak radiai stress
on oxis as a function of distance from impact using the wire induction gauges, In
addition, wires aiong the target surface yielded displacement-time histories
perpendicuiar to the target face. The piezoelectric gouges yielded quclitatively
good results, Fiash radicgrophy was employed ‘o obtain ‘he crater growth
history. The results of the wire gauge technique indicated geod agreeraent with
theoretical predictions. Details of the experimental techniques are contained

in References 10 end 11,

The most complete (and nearly the only) dynamic studies performed on
hypervelocity impacts into metuls were accomplished by Gehring and his co-
workers at GM Sonta Borbara (Ref, 12), They empioyed both flash x-rays and
optical measurements to fcllow the crater grow:h in 1100 aluminum arnd several
other metcis., These results are discussed in more detaii in Chapter IV, They
also performed a series of ballistic pendulum experiments (where the thick target

was mounted on the pendulum) to determine the momr ntum transfer to the target

10
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erformed ¢ seriac of exnariments using "fly-
off disks" to measure the pressures at various depths in the material, This tech-
nique is described in Chapter V and Charest's results are described in Chapter
VI,

More recertly Billingsley (Ref, |4 and 15) studied the oxicl pressure vari-
ation in 6061-T6 aluminum and copper in the hypervelocity impact region, He
obtained the pressure indirectly by measuring the free surfcce velocity ot the
target rear using o high speed framing comera, This technique imposes severe
lin.its on the measurements, essentially restricting the acquisition of accurate
data to the very high pressure (hydrodynamic behavior) regime. The experi-
mental technique and results are discussed in detail in Chapters V and Vi res-
pectively. The results are not of sufficient accuracy, nor do they correspond to
sufficient depth into the target for ossessing the effects of material strength on
the shock wave propogation.

Other reicted studies, such as those of impacts and explosions in Lucite®
by Kinslow (Ref, 16) and impacts into water by Stepka (Ref, 17) have clso yielded
useful information cn transient impact effects. These efforis do nct represent,
“owever, the more extensive study of transient cratering phenomena that would
seem to be so desircble for correlation with the sophisticeted computer calcu-
iatiors of impacts now available. On the whole it oppears that the amount of
experimental information on transient cratering phenomena is rather limited,
especially considering the many, many post morrem studies that have been
done in the field, The situation is about the same with 1 ecard to experimental
studies of hypervelocity impact generated shock wave propagation in metals,
Data are available in only very limited cases that involve on-axis measurements
and are not sufficient to provide information on material strength effects.

As outlined in Chaopter |, the experimental program to be descrihed in
detail later in this study was specifically designed to remove the major defi-
ciencies noted above and to represent o significant new contribution to the orea

of dynamic crotering sxperiments. The croter growth experiments reporied hsre
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yielded more new daota on growth rates in metals than was avaiiable, in toto,
before and provide a significant increase in accuracy. This is the first stugy to
employ a systematic variation of material strengths ond projectile velocities,
These datu are the first available where the effects of materia! strength on
crater growth dynamics have been studied experimentally.

In similar fashion, the experimental studies of shock wave attenuation
were planned to provided more accurate data than has heen ovailable in the past
and represents the first systematic experimental study of material strength
eff~ets, They also represent the first reported direct experimental measure-

ments of the angular variation of shock wave attenuation in metals.

Hypervelocity Impact Theory

Early attempts to treat the cratering portion of the impuct process
theoreticaliy were concerned with determining the final croter depth and not with
the entire history of the process, Consequently these theories were rather crude
and indeed many times were semi-empirical. In every cass grossly simplifying
assumptions were made to obtain results. In mony cases the assumptions were
not even physically correct, the only justifization for their use being that they
yielded correct results over some restricted ranye of the independent variables,
Herrmann ond Junes (Ref, 4:7 §f) give a good summary of the various simplified
theories fcr predicting final crater size, The onalytic treatment of the dynamic
crater growth has proven intractoble in general and extremely difficult in the
few speciolized cases where any success has been achieved,

Several researchers hove attempted to apply gas dynamic theory to the
shock wave p.-opagation part of the probiem. In each case the probiem has been
considerably simplified by reducing it to a cne-dimensional rédial geometry and
assuming that the impact is simulated by ¢ point source explosion at the origin.
The material behavior is assumed to be purely hydrodynamic. Using these as-
sumptions Rae and Kirchner (Refs, 18, 19, and 20} applied <imilarity theory to

obtain a description ot the shock wave propagation behavior. Even here, however,
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it was necessary to modify the theory since solid materials, even in the hydro-
dynamic regime, behave in o fundamentally nonsimilar fashion. Ever though
Rae and Kirchner's technique does not yield particularly good agreement with
theory, its development leads to good insight into the behavior of materials and
the spherically expanding shock wave problem. Consequently, this theory is
discussed in detail in Chapter VI ond on alternative formulation designed to
bring the results in closer sgreement with experiments is discussed.

Another technique, similar to the above except that the density distribution
behind the shock frent is an assumed rather than derived quantity, was applied by
Zaker (Ref, 21) and further developed by Bach and Lee (Ref, 22), An even more
complicated biast wave theory was developed by Heyda (Ref, 23), Again, the
thecries are based on s¢ many simplifying assumptions that they have only
limited usefulness, None of these analyticel approach=s consider matericl
strength effects,

Numerical Hydrodynamic Solutions. Not until the advent of the "hydro-

dynamic codes " did theory brgin to treat the complete history of cratering ond
shock propogation in cny detail. This numerical technique involves solving the
two-dimensional, axisymmetric equations of compressible, inviscid fluid flow
on a high speed digital computer using numericai finite-differece methods.
An artificiol viscosity is introduced to spread any discontinuities, such cs a
shock front, out over a finite distance so that the numerical techniques remain
stable. The basic assumption is mode that the pressures in the problen are
sufficiently higher than muterial strengths so that the flow is furely hydro-
dynamic, Thus the hydrodynamic codes treat the probler only through part of
the cavitation phase of the croter formation process, Some auxiliary argument
or assumption is necessary to lead to a fincl prediction of crater diameter,

The numericai hydrodynamic method was pioneered ia the field of hyper-
vzlocity impact by Bjork (Ref. 24) as early as 1959, He opplied the "particle-
in-cell (PIC)" method that was introduced by the Los Alamos Scientific Labora-

tory in the early 1950's {Ref, 25), Other groups followed shortly in developing
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this type of technique and applying it to a variety of impact problems, Notable
among these groups were those of Walsh (Refs, 26 and 27) and Riney (Ref, 28)
who performed extensive studies of hypervelocity impact problems using these
numerical techniques. Since purely hydrodynamic behavior was a fundamental
assumption of th2se codes, those aspects of crater formation ond shock propaga-
tion that were strength dependent were necessarily ignored,

The most successful attempts to apply these codes to practical probiems
where final croter dimensions were of interest appealed to the principle of "late
stage equivalence" first expounded by Walsh {Ref, 27:4) and Dienes (Ref, 29).

The principie was developed from a combination of hydrodynomic code colculations
and dimensional analyses, This principle states in effect tr.at if, ot any iime dur-
ing the formation of croters resulting from two different impacts, the pressure
profiies (in scaled coordinates) are the some, then the resulting croter formation
due to this pressure pulse {again in scoled coordinates) will be the same, The
scaled coordinates arise from similari’= "+ dimensional analysis arguments,
Thus, if the pressure profile in a certain impact caiculation con be matched ot some
time with the profile in another calculation for which experimental determination
of final crater size is avcilable, then the final crater size may be determined

for the first calculation by application of the late stage equivalence principle --

the result is o combined theoretical experimental technique,

While the lots stage equivalence principle was o great step forward in
the hypervelocity impact field, it has not represented a panacea, |t requires the
assumption that viscous effects and heat conduction are negligible (Ref, 26:4).
Biork (Ref. 30:1/5-181) expresses some well reasoned reservations regarding
late stage equivalence, especially in the lower end of the hypervelecity regime
where material strengths play a more important role, In addition, this approach
does not specifically treat material strength dependence, so the effects of mater-
ial behavior models cannot be explored,

Numerical Methods Including Material Strength. Since 1965 continued

improvements have been made in the numerical treatme:t of hypervelocity
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in pact preblams, For purnoces of economy and improved accuracy the particle-
in~cell methods have generaiiy been replaced by new computational methods.
In addition all the codes now include o rather general oxisymmetric, two-dim-

ensional treatment of the impact with materiol strength included. This work was

pioneered by Wilkins (Ref. 31) who first formulated the mathematicul treatment
of the two-dimensional elastic-plastic problem in Lagrangian cocrdinates using
numerical techniques.

These calculations are very demanding upon the computer used; they
require vast amounts of memory storage and a very fast machine to be consider-
ed practical, The computers of the late 1960's have now met these requirements.
Consequently many organizations are employing or developing this technology
for coplication to a wide spectrum of problems, Codes have been writien in
Evlerion and Lagrangion coordinctes and combinctions thereof cnd three-dim-
ensional codes are currently under development, Various models of material
behavior have been incorporated in the codes,

The key to experimentally verifying the computer results lies in ap-
propriate measurements of the transient shenomenao that occur during the
event -- in this case the crater formation. At very high velocities there is
general agreemeni that late stage equivalence holds. With the adveni of strength
codes which can now follow crater growth to termination, experiments of transient
phenomena at velocities near the lower end of the hypervelocity regime where

moterial strengths play a dominant role hove proved both feasible and fruitful.

Supporting Calculations

In view of the emphusis placea upon the comparison of exoeriments with
numerical calculations in this study, o series of problems corresponding directly

to portions of the experimental program was performed* by Shock Hydrodynamics,

*Sponsored as a subcontract by the University of Dayton Research Institute. Mr,
M. Rosenbiatt was principle investigator for the subcontractor, Additional com-
parison of numericai and experimental results beyond those reported herein are
planned as a joint UDRI/AFML effort,
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inc, (Ref. 3Z), The coicuiations empioyed STEEF, o *wo-dimensionai Euierian com-
puter code that includes an elostic-plastic formulation of material strength ef-
fects. This code is representative of the currently available techniques, The
material model used employs a sharply defined yield condition (von Mises),

but allows the yield strength and shear meodulus to vary with temperature (thermal
softening) and accounts for work hardening. Allowance is made for a pressure
dependent phase change from solid to liquid. There was no consideration of

strain raote effects, The hydrodynomic equation of state (the cclculation divides

the stress tensor into a hydrodynamic part and a deviatoric part) is that com-
monly known as the LASL equation of state (Ref, 32:4),

Three colculations were performed as indicated in Toble |. In each case
the projectile was 0 .635 cm diameter aluminum sphere of the same alloy as the
target impacting the target normally. The calculetions were chosen such that o
comparison of Cases A and B would revea; effects of material strength while o
comparison of Cases A and C would indicate the effects of impact velocity.

In an Eulerion calculation such as this, the problem (in r-z spoce) is
broken into discrete elements called zones, | general, the use of finer zoning
yields o more accurate calculation, but "ncreases computer storage requirements
and running time, !: this problem, the origin was located at the point of contact
between the projectile ond target at zero time, The coordinate system (zones)
then remained fixed cad the colculation allowed mass to flow from zone to zone,

The region of space within one centimeter of the origin was zoned quite
finely ( Ar = Az =.0635 cm). Beyond this each Az was mode 2-1/2% larger
than its previous neighbor. This yielded good resolution in the immediate vicinity
of the impact point while keeping the total number of zones in the problem to a
mcnagecble number. The coarse zoning that resulted ot large radii had little
effect upon the processes occurring in the region of the growing crater, Un-
fortunately, it did contribute to somewhat poor resolution in the shock wave pro-

paogation data at the larger radii.
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Numerical Calculations of Impacts in Aluminum

Torget
Projectile Nominal Nominai
Case Velocity Aluminum Densigl Yield Stress Shear Modulus
(km/'ser.) Afloy f{gm/cm?) (kilobars) (kilobars)
A 7.0 1100-0 271 0.31 259
B 7.0 7073-16 2.30 4,14 270
C 4,0 1100-0 2.71 0.31 259

The craters prcduced in 1100-0 aluminum (Cases A end C) grew so
slowly thot the calculations were terminated before crater growth had completely
ceased, For Case A the calculation was carried out to 14 usec ofter impact,
for Case B to about 13 psec, and for Case C to 5 usec. For Case B, the
7075-T6 aluminum, the crater growth had essentially ceased by the time the
calculation was terminated. In each case, the calculations showed substential
effects due to the material strength (end velocity) in the region of the growing
crater, The effects of strength on shock wave propagation deep into the torget
were somewhat less conclusive due to the early termiration of the calcuia-
tions,

The calculations indicate the general existence of a three-peaked stress
pulse propagating into the medium. The first pulse is clearly compressive and a
result of the projectile-target impact. Rosenblott (Ref, 32:47) suggests that the
second peak is probebly associated with o shear wave while the third peak may
be created by the late time flow on the crater surface, While not experimentally
verified, the possible existence of three waves in the material is an interesting
phenomencn worthy of further investigation,

The details of the results of crater formation are discussed in Chapter

IV in conjunction with related experimental results, Likewise, the results of
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in Chapter Vil,

Summary

Hypervelocity impact in thick metal targets is an extremely compiex
phenomenon. The several stages of impact commonly considered, initial,
tronsient, cavitation,and elastic~plastic, allow a consistent phenomenological
description of the impact effects,

Experiments to measure the dynamics of such an impact are very scarce,
Almost without exception, those experiments that have been performed were used to
explore the impact phenomenology, not to produce quantitative data on such events
as crater growth and shock wove propegction. This study was designed to at
least partly fill this void by providing accurate measurements of crater growth
ond shock wave attenuotion using refined experimental techniques. The effects
of material strength upon the impact pheromena have been emphasized although
the study also includes data on the effect of projectile velocity on crafer growth
and on the angulaor voriation of the peak normal stress in the target.

Efforts to deveiop the theery of hypervelocity impact hove centered upon
the use of numerical finite-difSerence techniques -- the so colled hydrodynamic
codes, Recent advances have aliowed the inclusion of material strength effects
in the numerical theory. Specific calculations, using a two~dimensional strength
code, were performed by Shock Hydrodynomics, Inc,, for direct comparison with

several of the experiments inciuded in this study.
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M. Crater Growth -- Experimental Techniques

The dynamics of hypervelocity impact cratering in solids involves two
fsaiures -~ cavitation and shock propagation ~- which become remarkably sep-
arate and distinct pheromeno shortly after the initial contact of the projectile and
target. The earliest phase of the crater formation where the shock wave remains
attached to the growing cavity surface is of such short duration and occurs at such
high pressures that it is not amenable to direct experimental investigation, Fol-
lowing shock wave detachment, however, the cavitation region becomes clearly
distinguishable; it represents a region of stress relcxation and gross material
flow. The shock wave travels further into the target, is attenuated by geometric
and rarefaction processes, and eventually becomes an acoustic wave, These
phenomena are not really uncoupled physically since the state of the material
in the cavitation region is determined by the passage cf the shock wave, and the
decay of the shock wave is largely dominated by rarefactions originating in the
cavity region, Nevertheless, the phenomena are sufficiently different that each
represents a fruitful field for experimental investigations of the impact process,
The experimental study of impact cavitction provides a good test of our theoreticol
undesstonding of hypervelocity impact and, in particular, of the numerical tech~

niques used to predict analytically the dynamic crater formation,

Experimental Methods

In metals, craters produced by hypervelocity impacts grow very quickly.
If 0 0.318 cm diamerer aluminum sphere with a velocity of 7 km/sec normally
impacts o flat aluminum target, all the essential fectures of the cavity formation
are complete within about 20 rsec, Consequently the requirements on experi-
ments to investigate this process are rather stringent. The experiments must
provide a record of the position of e free cavity surface to less than 0.1 cm even
though the surface may be iraveling at velocities nearly as high as that of the in-

cident projectile, Likewise the times of various events with respect io the time of
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impact must be known to less than a microsecond,

During the crater formation, substantial quantities of debris (the debris
“plume™) are thrown at high velocity out of the crater and obscure any attempt
to look directly into the growing crater by optical means, The most obvious way
of “seeing" inside the target is with x-rays; a commercially available device
known as a "flash" x~ray unit provides a pulsed x-ray source of sufficient in-
tensity and short enough duration to fulfill the experimental requirements if pro-
perly employed, Materials such as copper, lead, iron, etc, have such high x-ray
absorption cross sections that they cannot be used with x-ray equipment currentiy
available to this investigator. The several alloys of alurninum, however, have cross-
sections sufficiently low that good flash radiographs con be obtained. In addition,
aluminum is a relatively well characterized material, easily machinable, and
inexpensive in bulk,so that it represents a nearly ideal material for this study.

Except for the work of Smith (Ref. 34) of AFML, only very limited studies
of the internal crater growth in metals using flash x-radiography techniques have
been discovered in the litercture -- those by Gehring (Ref, 33) and by Kineke (Ref.
8). Gehring initially produced data for the impact of a steel disk into 1100~
aluminum, That data will be discussed in Chapter IV. Loter Gehring ond co-
w ~rkers ot GMDRL (Ref, 12:201; employed a high spaed framing camera to
obtain bocklighted silthouette (shadowgraph) photographs of the plume emitting from
the front surface of the target, He thern used measurements of the base of this
plume to infer the diometer of the crater as a function of timea, Kineke also
used flash x~-radiogrophy to examine the internal croter dimensions as weli as
the emitted debris plume and to infar crater growth rates from this dota (Ref,
8:339ff). His projectiles were steel disks accelerated by explosive techniques.
Smith (Ref, 34) applied the flash x-radiogreph technique to a study of crater
growth in 1100-0 aluminum ot the AFML facility., The relation of the crater
dimensions to the characteristics of the debris plume was obtained from high
speed framing camero records, Portions of the experimental and data ~eduction

iechniques used were developed in collaboration with the author. Smith Ubtained
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enough crater growth data on 1100-0 aluminum to assign a smoath experimentai
form to the crater growth; to suggest that Gehring's eorly data might be incor-
rect; and to indicate that the relation of the base diameter of the debris plume to
the crater diameter might not be as direct as was previously believed,

The crater growth experiments described here represert o considerable
extension of Smith's research in direct measurement of crater dimensions as a
function of time. The work incorporates new or modified experimental and data
reduction techniques, although it is based upon the techniques employed by Smith,
Enough doia was obtained to provide crater growth rates for several aluminum
alloys of different static strengths and for 1100-0 aluminum at several projectile
velocities and to explore further the correlation between the debris plume and
the crater diameter. The techniques employed in obtaining this data are detailed

in the remainder of this section,

Design and Construction of Experiments

Light Gas Gun Facility. All of the experiments reported here were per-

formed ot the Air Force Materials Leberatory Hypervelocity Baliistic Range
which consists of a two-stage light gas gun with associated instrumentation and
support equipment, The range is pictured in Fig. 3 ond descrited in consider-

cbie detail in Reference 35 so that only the most essential information will be

repeated here, The light gas gun is o device for accelerating small projectiles to
exceedingly high velocities -- in this case 0.635 cm diometer aluminum spheres
can be accelerated to a velocity of over 7.5 km/sec and smaller projectiies cor.
be accelerated to ever higher velocities,

The gun provides the acceierction in a two-stage process. A shell con-
taining conventional propellant accelerates a heavy piston down tha 40 mm pump
tube compressing hydrogen gas to extremely high pressures in the central
breech. When the compression becomes sufficiently high, o diephragm in the
centrol breech ruptures aliowing the compressed hydrogen to expand into the
faunch tube. The launch package, consisting of o spherical projectile and o five-

piece plastic carrier (sabot), is initially located in the launch tube .iear the
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zentral breech, The expanding hydrogen pushes the launch package down the
launch tube, accelerating the whole package to the desired velocity. The light
gos gun operating cycle is depicred schematizally in Fig. 4 ond a typical leunch
package is pictured in Fig. 5. The sabot pieces which have tecome slightly sep-
arated from: the projectile due i aerodynamic forces are stopped on the far side
of the blast tank by allowing them to impact o steel plate while letting the pro-
jectile pass unhindered through ¢ smoll hole in the plate, The projectile pro-
ceeds down range past the instrumentatisn where its velocity and integrity are
meosured (Ref, 35:73-18) until it impacts the target locoted in the center of the
torget tank. The raonge is evacuated to a pressure of opproximately 20 torr (20
mm of Hg) to prevent velocity degradation ~n3 cerodynomic ablation of the pro-~
jectile while maintaining proper operation of the scbot stopping techniguen,

Flash X-ray ond Target Geometry. The primary experiments conducted

were desiined to obtain flash rudiographs of the growing crater in aluminum
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would be determined, The cost of operating the gas gun dictated that as many

(oA

flash x-rey data points as pcssible be obtained on each round, In additiorn there

TN

is, historically, substantial scatter in dato obtained from hypervelocity irnpact
experiments, It is aimost always advisable to obtain sufficienr data for u statis-

tical t-eatment of the results, Consequently, all avdilobie flash x-ray equipment,

ten separate sources in all, was used in most experiments; the units were fired
in a ore-determined time sequence, All of the x-ray units were of the type called
Fexitrotmanufactured by the Field Emission Corporation. Each of the four
availaple 300 kY (Model 2710} unirs produces enough integrated x-ray fiux and
has enough penetrating power to provide a good radicgraph through severai inches
of aluminum, The remaining four 150 kV (Modei 235) ond two 105 kV (Mode! 231)
units hove considerably less penetrating ability and their use was limited to thinner
target sections. Consequently the 300 kV units were locoted so as to produce
profile views of the growing crater -- yielding bo'h depth and diameter ~- while
the remaining x-ray sources were placed *o produce views through the reer of
the torget. The four 300 kV x-roy sources were arranged around the target tank
in circular fashion in o plane perpendicular to the projectile trajectory.

The six remaining lower energy x~ray units were attached to o mounting
plate located on the rear of the target tonk as shown in Fig. 6. They were aimed
nearly parallel to the projectile treiectory such that the x-ruys would penetrate
the target and impinge upon film placed in front of the torget, Plastic windows
were used in the target tank to allow easy peneiration by the x-rays. Since the
x~roy units provide a rather broad beam, lorge quantities of lead and careful
placement were required to provide shieldirg of the film for any given x-ray
unit from the direci emissions of the remoining nine units, It was aiso necessary
to provide some shielding from the scattered x-roys produced by the 300 kV units,
The geametric arrangement of the x-ray sources with respect to the terget and

film holders (cassettes}) is iliustroted in Fig. 7. In the early experiments, the
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150 kV units were not avoilable, but the geomerry was essenticlly the same with
thot exception,

A special target and film cussette hoider described in detail by Smith
(Ref. 34:34-37) and illustrated in Fig. 8 was used to insure proper and repeat-
able alignment of the target and film holders. Additional ccssette holders were
instalied in the target tank to yield repeatable alignment of the films used with
the 300 kV x-ray sources, The front panel (nearest the gun muzzle) holds the
film cassette for the 105 kV and 150 kV x-ray sources. The ponel and cassetie
each contain a 2.5 cm dioameter hole through which the projectile must pass,
This cassette is shielded from debris sproy by a thin sheet of acrylic plastic.
The rear panel holds both the target (bolted o its front surface) and ¢ lead
shield on the reor. This lead shield has a 5.0 cm diometer hcle ot its center
immediately behind the target; it is a shadow shield to prevent the 105 kV and
150 kV sources from interfering with the image produced by each of their
neighbors. Most of the shielding for the 300 kV x-roy sources was arraonged
external to the target tank,

In most cases the targets to be rodiogrophed were quite thick so that
deposited x-ray energy wos at o premium. Consequently pairs of ultrcfast ex-
perimental flourescent screens provided by E, |, du Pont de Nemours & Co. were
used in conjunction with Kodak Royal Biue® Medical X-ray Film to obtain maxi-
mum exposure, One screen was plaoced on each side of the film in intimate con-
toct with the emulsion layer on that side. Development was performed with
Kodok X-ray Develcper and the process was menitored visually.

Two x-radiogrophs obtoined during a cratering event are shown in Fig. 9
to illustrete typical results obtained with the techniques described above. Note
that the silhouette radiograph, typical of checnnels 3 through §, yields rather
clearly defined informaticn on both crater depth and diameter, The rear il-

luminated radiograph, typicol of channels 1, 2, and 7 through 10, contains




Fig. 9. Typical X-Radiographs of Growing Crater,
Round 2692,
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because of the effect of the crater lips on the radiograph,

Sequencing and Timing. The electrical signai initiating oll x-ray events

for these experiments was derived from a thin switch placed directly upon the
face of the target and activated by the projectile impact. The switch consisted
of a 50 um Mylar® sheet separating the grounded target from a 25 am thick
aluminum foil electrode which was held at high electrical potential by @

pulse forming network (PFN), Penetration of the Mylor® insulator by the pro-
jectile caused arc over to the target and the generation of a very fast rise time
signal. This signal was used o activate a bank of time delay generators each of
which created a pulse to fire one x~ray unit, Both the switch signal and signol
to the x-ray pulser were delivered to the time recording system sc that the
time between impact ond x-rav firing was cecurately known,

In addition, to achieve even grec(er accuracy, special spark gop switches
were mounted directly on the x-ray tube heads. These switches (Ref, 36) are
activated by the ionization creoted by the actual x-roy beam ond, when properly
adjusted, produce signals accurately indicating the time of x~ray firing (15* 5
nsec delay affer x-ray initiation),

A block diagram cf the timing and synchronizing electronics for a single
x=-ray channel is shown in Fig, 10. The timing system used %o record the electricol
signals supplied by the thyratron drivers has keen described in detail elsewhere
(Ref, 35:18-19). It consists basicolly of o set of xenon flash tubes whose optical
output is viewed with o0 16 mm Fastox Oscillographic Camera operating in a
streaking mode. The zenon tubes are driven far pest their breakdown voltage by
the signals provided to the timing system. The result is a light pulse with very
fast rising intensity (<0.1 usec)which is viewed and recerdad by the camera,
Accurate timing rmorks are added to the film by a mechanical light chopper,

The relative times betweer. any two events as indicoted by flashes from the

zewon tubes can then be computed to an accuracy of €0 asec. In addition, the
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velocity of the projectile can be recorded on this same film record by noting
the times the projectile passed the two velocity recording slits whose images ore
located perpendicular ¢4 the film travel (Ref. 35:13-16). The projectile vei-
ocity can be measured to an accuracy of *-0,25%,

Although the errors involved in recording the timing dcta are small,
the uncertainiies introduced by time deloys in th- ~lectronic circuitry must be
considered. Referring to Fig, 10, the switch pu...ng circuit and timing thyra-
tron driver introduce o delay between the closure of the alumirumy/ Mylar@ switch
{(impact) and the signal A fo the timing system. In a number of experiments this
deloy was measured with a fast oscilloscope and u photemultiplier tube monitor-
ing the output of the xenon flash tube and found to ke nearly constant at 0,35+0.05
i sec,

Use of a colibration curve for the variatle time delay generator to de-~

terinine the time between the input tc the fime delay and the output to the x~-ray
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pulser is a very unreliable cnd inoccurate procedure, Therefore two independent
measurements of the time of x-ray firing were made for each channel, namely the
signal B indicating the input to the x-ray pulser and the signal C derived from the
x-ray head switch. The x-ray head switches proved considerably less than 100%
reliabie since the adjustment of the voltage and separotion between the plates in
the switch is critical. Enough data was obtained over a number of shots, however,
to deterrine the average delay between signols B and C for each x-ray channel,
in several instances, neither signal B ror C was availoble on the ;iming system
record, The time between input and output of the time delay generator was used,
with oppropriate corrections, to obtain the time of the x-ray -- ¢ less exact pro-
cedure,

Froming Camera Experiments, A slightly modified exoerimentol arrange-

ment was necessary for those rounds where framing camera records cf the plume
expanding off the front surface of the target were desired, In order to correlate
the diometer of portions of this plume with x-ray records of the growing craters,
it was necessary to obtain an unobstructed ond back-lighted view of the target in
silhouette. T >r these experiments, x~ray channeis 3 and 4 were ot used and the
film cossette and holder for these channels were removed from the target tank. A
very high intensity spark light source (Ref, 37) was used in conjunction with a col-
limating lens to provide o back-lighted field of view of even iliumination, The
camera empioyed was a Beckman & Whitney Model 300 rotating mirror high speed
froming camera copable of recording 48 frames at o maximum framing rate of
4,5 million frames per second. The framing rate was determined by using an
electrenic counter to count the number of pulses per second generated by a magne-
tic pickup on the mirror turbine shaft, The camera was located to view the target
along @ line from the cernere to the light source os illustrated in Fig, 11, To ob-
toin an unobstructed view of the target, it was also necessary toc move the impact
switch about 10 cm in front of the target face and construct a switch consisting of
two thin aluminum foil electrades separated by a Mylor® sheet, The time of im-

pcct could then be calculoted knowing the tcrget-switch separation ond the
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Fig. 11. Experimental Setup for Framing Camera Photo-~
graphs and Flosh X-Radiographs.

projectile velocity. The resultant determination of impact time was slightly less
accurate than when the switch was mounted directly on the target face,

With this arrongemert it was possible to obtain the froming camera
record and sight flash radiographs from one impact event, The si-~ale frame
taken from the framing camera record of Round 2524 and shown in Fig, 12 is
typical of the photographs generated by this technique and nicely illustrotes the
front surface plume phencrnena. Methods of obtaining quantitative dara from

these films are described loter in this chapter,

Target Materiais ond Design

Target and Proiectile Materials, As mentioned previous’ -, favorable

x-ray absorption characteristics and other proctical considerctions dictated the

choice of aluminum alloys as the target materials for this study. All the target
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©:g. 12, Single Frame from Framing Comera Recor d
of Round 2524,

materials used except for the 6061-T4 were obtained from well characterized

in Toble I, The 6061-T4 was obtained from local commercial sources, The
varves shown for this alloy ore from the supplier,

The 1100-0 is a very soft ductile alloy of nearly pure aluminum and there-
fore represents one end of the moteria! strength regime, At the cther extreme,
the T6 heat treatment of the 7075 alloy is the hardest, most brittle oluminurmn com-
monly available, The strength of the 6061-T6 olloy lies nearly midway between
these two extremes and conseguently represents onother good test of the effects
of materiol strength uoon the hwypervelocity impact processes, Finally, the 70
heat treat of the 7075 alioy provides o direct comparison between two cases of
identical alloy composition. but substanticlly different strength properties., The
materials selected for the targets used in this study represeri a very wide range

of moterial strengths -- as such the results obtained should prcvide o good test
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Table 1
Prrnerties of Moterials Employed

Static Static True Stress  Brinnell
Alloy Yield Strength  Yield Strength to Fracture  Hardness

(psi) {kilobars) (psi) kg/mm?
1100-0 Al 3,800 0.26 26,400 24
2017-TA Al 40,000 2,76 100,500 -
6061-T551 Al 40,000 2.76 -—- 95
7075-TO Aj 13,000 0.90 48.400 40
7075-Té6 A} 70,500 4,86 98,500 148

of any strength dependent kypervelocity impact cratering thecry,

Finally, in all cases but one, projectiles were made from 2017 aluminum,
a malleable alloy ir commor use for the production of high quality spheres, In
this study it has been assumed that the strength of the projectile does not affect
the impact results. This assurrption is conservative since the pressures felt by
tiie projectile material are at all points many iimes greater than the siatic yield
strength, The density of the projectile does, however, affect the impact conditions,
Therefore, one ser’es of experiments used 0,18 gram spherical steei projectiles
to duplicate the results obtained by Gehring (Ref. 12:201).

Target Design. The targets were cylindrical in shape as shown in Fig.
13 ond had o smail flange for rmounting to th ¢ et holder. The thickness and
diometer of the target preper were variables that were chosen to be as large as
possible while still vi2lding acceprcbie radicgraphs. If the targeis are too thin,
reflectioas from the target rear wiil eventually intercct with the growing <roter
crd affect its further growth, Likewice reflected waves from the sides of a target
that is too small (or for an impacr that is too for off center) can affect the growing
crater. Targets were chosen such that the shock wave had to iraverse a sufficient

distance so that its reflected componenis were very weak by the fime they reached




Fig. 13. Typical Crater Growth Study Target.

the growing crater region. In most coses the target thickness was six projectile
diamaters or mare -~ 6 thickness which can be defined os "quasi-infinite", meon-
ing that the finai crater appears os it would in an infinitely thick torget. For
further information on this phenomena, refer to Appendix A -- Reduction of Data
Obtained from Crater Growth Flash X-Rays,

In several cases, it was necessary to use undersized torgets to obtain
good x-radiographs of very early-time craters where the crater dimensions were
still quite small. For these rounds, the final crater was offected by reflected
waves, and the dato obtcined was valid only up to a time after impact correspond-
ing to the start of the interaction of the reflected wave with the growing crater,
These special rounds were trecied separately in the data reduction process,
Whenever possible, these thin targets were backed by a thin (0.625 cm) sheet
of acrylic plastic whicn reduces the magnitude of the reflected wave without

substontially ottenuating the x-ray flux,
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Data Reduction Methods

Flash X-ray Films, X~-radiographs must be analyzed carefuily to cbiain

valid dimensional dota. The most importan: factor to consider is thot ine geometry
of 2ach x-ray chonnel is different; the varying distonces between each source, tar-
get, and film result in ¢ different magnification being recorded by each channel.
Even for a given channel the geometry (ond magnification) was altered somewhat
from round to round by chonging torget sizes ond exact location on the target
holdar. It is not sufficient ic merely calibrate each x-ray chenrel; the changing
target requirements dictate that some di mensional reference be included in the
record of each round for each x-rcy channel,

The inclusion of a length reference such as a rod or scale in ecch record
was impractical since each chonnel viewed the scene from a different angie. A
good distonce reference in one charnel tended to shield all informotion from od-
jocent channels. For those channels (3 through 6) viewing the target in profile,
there were occasions when the target did not completely fill the field of view of
the x-ray. In these cases, the diameter of the *arget coul be used as o distonce
reference, The results obtoined ogreed well with the more general technique
described below,

Based upon Smith's experience (Ref, 34:40) the best available reference
points are the final dimensions cf the crater themselves, After each experiment
was conducted, but before the torget or holder were moved in any way (only the
film cassettes were removed, rzloaded, and repioced in register with their
original positions) a set of radiogrophs of the final, stotic target was taken,
Separate measurements were then made of the crater depth and/or diameter on
both sets of radiogiophs ~- these token during the impact event end those token
later, The crater diameter or depth read from the films obtoined during the im-
pact was then divided by the same dimension from the radiographs obtoined after
the event to obtain the appropriate ratic, In this fashion, no direct calculation

of magnification factor for each channel was necessary,
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in presenting the resuits of any set of experiments, the rafics cbtained
were multiplied by the mean final crater depth or diometer for that case, This
procedure also results in some srnoothing of the deto since the mean vaiue of the
final dimensions are used to normalize the data, Smali variations from the mean
vaiues actuclly realized in the final crater dimensions are averaged by this
process of presenting the dota. The method is discussed in more detail 1n Ap-
pendix A -~ Reduction of Data Obtained fron: Cruter Growth Flash X-Rediographs.

Several techniques were atierrpted to abtain the best method of making
the required measurements on the x-ray films. The use of a s-cnning photeden-
sitometer was cttempted, but the lack of contrast in the films, the gronuviarity
introduced by the use of intensifying screens, ond the type of measurement re-
quired precluded the effective use of this instrument, The best way 1o read the
films was without mognification on o variable intensity light table as shown in
Fig. 14, Attempts to magnify the images resulted in an unaccepteble loss of con-
trast and accompanying difficuity in interpreting the image,

Tne croter diometer and depth in the profile rodiographs were measured
with respect to the undisturbed target surface as illustrated in Fig. 15. The
reference line AA on the reader was aligned with the image of the undefcrmed
torget surface lying near the outer edges. Dividers and a scale were then used
%o determine visually the crater diometer as observed along the line AA and the
depth as measured along the line BB to the inversection with line AA,

For the rodiographs taken through the target rear, two separcte read-
ings of the dicmeter were made olong the lines DD and CC on the recder as in~
dicated in Fig. 15. The author and at least two ather operators read each film.
The readings were averoged to obtain the final measurements ond the multiple
readings were used to determine the accuracy and reproducibility of this tech-
nique, In additinn, each radiogroph was assigned a subjective rating <f quality:
good, fair, or poor. On x-radiogrophs with good irage quality, dimensions could
be measured reproduciuvly to :+=0.5 mm while with poor images this error waos

increased to 1.0 mm,
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Inaccuracies can arise through difficulties in interpreting the images.
The use of the raticing technique of presenting the data helps to allevicte this
interpretation difficulty since a given operator tends to interpret both the final
radiographs and those taken during the event in the same fashion,

Framing Camera Films. B&W Madel 300 framing camera photographs

of the front surface debris plume were obtained in several experiiments for com-
parison with crater diometer histories obtained from flash x-ray dcia.‘ These
photographic records were read, i.e. tronslated into numerical dato, in a special
purpose automated system availabie ot this facility (Ref. 39). In this opplication,
the system produces the x-y coordinates of various points selected in each frome,
The film is placed upon o micrometer driven fwo~-dimensional microscope stage
located at the object plane of a projection microscope. The image is projected
upon: a ground glass screen that provides o pair of perpendicular cross hairs for
a fixed referance position. The film is adjusted so that some reference line in
each frame is aligned with the lxed reference on the screen, The operator then
selects points for reading, moves the point under the cross hair by turning the
micrometer dials, ond records both the x and y coordinates (with respect to the
riference chosen for each frame) on 1BM cards by octivating o switch,
Considerable interpretation is required to obtain data from this type of
experiment since the charocter of the debris piume changes with target material,
In some cases, the general shape may even change os a function of time during
an impact, Fig. 16 illustrates the maojor fectures of the dzbris plume and indicates
fhe points at which measurements of x-y ccordinaies were mode on each frome.
The point 9 ot the target corner was chosen as the origin with the x-axis lying
along the iorget surface, The distanze between the markers 7 and 8 was mea-
sured before the experiment and used to determine the magnification in the fram-
ing camera record, Two separate pairs of points were obtcined from each frome,
eoch pair yielding the diometer of o certain portion of the plume ot that time.
The diameter of each portion could then be obtained as a function of time from

all the frames,
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The pair of points 1 and 2 represent the outer limits of the base of the
rlume, probably corresponding te on outward propagating bulge in the target
material. In some experiments, it was difficuit to measure these positions ac-
curately since the silhouette of the plume base wos nearly tangent to the target
surface at these points, The character of the plume base varied considerably for
the different torgets used in this study.

The points labeled 3 and 4 represent the minimum diemeter of the stem
as determined by the operctor, In general, the curve of the outline of the stem
wes such that these points were relotively vasy to determine. The height of this
minimum diameter point above the torget surface vories somewhat as a functica
of time,

Two separate measurements of plume diameter as a function of time were

thus obtained for each experiment, These measurements were judged to include
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the most distinctive feaiures of the piume and probabiy represenied ihe vuly dia-
meters that could be m2asured with any consistency from experirnent to experi-

ment,

Summary

Hypervelocity impacts into solids produce two featut es -~ cavitation and
shock propagation -~ ecch of which is emenable to separate experimental study.
Experiments to study the cavitation or cratering processes have been desciibed.,
Techniques were developed to provide up to ten sequential flosh x-radiogrophs of
growing cavities in several aluminurn alloys; the required impacts were produced
by o light gos gun at the AFML Hypervelocity Ballistic Range. Electronic cnd
optical techniques were used to obtain accurate measurement of x-ray flash times
with respect to the impact of the torget. Additional experiments were designed to
yield vltro-high speed framing camera piciures of the debris plume that is emit-
ted from the crater on the impacted side of the target, Dsta reduction techniques
were developed that removed the distortion inherent in flosh x~radiogrophs and
which relieved difficulties in interoreting the radiographs. The flash x~roy ex-
periments produced a record of croter depths ond diameters as a function of
time, The framing camera record provided a time history of the diometer of

two distinctive feotures related to the debris plume,
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V. Crater Growth -- Experimental Results

The experimental technigues described in the preceding chapier were
enployed in an extensive study of the growth of craters in aluminum alloys
under hypervelocity imnpact conditions, Flash x~ray techniques were used to
determine the dimensions of craters as o function of time after impact, A
high speed framing comera was used to study the dynamics of the front sur-
face plume created by a hypervelocity impact and to determine the relation
of this phenomenon to the crater growth. The remainder of this chopter de-
scribes the resul!s obtained and nresents on analysis of this data including
comparisons with pravious experimental information and recent numerical

colculations of hyparvelocity impact events,

Experimsntal Progrom
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The experiments were selected to study several effects, First and
foremost was the effect of target strength upon the crater growth, This was
achieved by using three separate aluminum alloys with different heat treat-
ments as targets while keeping the projectile velocity constant (see Table i),
Numerical calculations employing c purely hydrodynamic flew model of material
behavior will predict identical crater growth rates for ali aluminum alloys.
This is incorrect since the final sizes of the craters in these alloys are
drasticoily different. The new numerical procedures thot inciude material
strength effects (described in Chapter Il) do predict different crater growth
rates for these alloys (Refs, 40:12, 41:18 ond 42), The experiments described
trelow are, to the author's knowledge, the first set ~onducted on severai alloys
of one basic moterial and are specifically applicable to direct correlatior, with
the results of numericol calculations and te studying the effects of material
strength upon crater grewih,

Outside of this racility, the only reported flash x~ray measurements

of the internal dimensions of growing craters in metais are those by
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Gehring {Ref, 33) whe first appiied rhe figsh x-ray technique to hyperveiscity
impact studies. Gehring's results indicate substantial rebound (elastic re-
covary) in the crater dimensions after growth, a process opened to question

by Smith's results (Ref, 34), Consequantly, one set of experiments in this study
-- stee| projectiles impacting aluminum targets at 5 km/sec -~ was conducied

to comoare directly with Gehring's results and investigate the ex*stence cf crater
rebound fu-ther,

It also appeared desirable to investigate the effects of p: sjectiie
velocity upon crater growth, therefore four sets of experiments using 1100
aluminum targeis were performed ot velocities ranging from 2.3 km/sec to
7 km/sec. These experiments explore the regime wnere material strength
effacts are expected to domincte the cratering process more and more as the
velocity is lowered, Table Il describes the eight sets of crater growth dato
obtained with flash x-ray techniq:es,

Several authors, including Kineke (Ref, 8) and Gehring (Ref, 12) hava
measured the diameter of the front surface plume produced during an impact
event ond have inferred information regarding the crater diameter from these
measurements. Smith (Ref. 34) found indications that the correlation between
plume ond crater diometer was not as good ¢s might be expected. Therefore,
it was decided to explore this correlation further and framing camera photo-
graphs of plume growth were obtained for cases !, 4, 7 ond 8,

The experimental program consisted of 39 new, successful rounds con-
ducted in two phases. The first group of experiments employed 0,318 cm dia-
meter spherical projectiles, After further launch technique development, the
remainder of the experiments were conducted using 0,635 cm diameter pro-
jectiles. The experiments are tabulated in Table 1V,

In each case, the actual projectile velocity was held sufficiently close

to the nominal velocity that no ottempt has been made to scale the results
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Tabie {1

Clossification of Crater Growth Expe-iments

Case Projectiie Nomiaal Alumiaum
Number Material Projectile Velocity (km/sec) Target Materiol
1 2017 Al 7.0 1100-0
2 2017 Al 5.2 1100-0
3 2017 Al 4.2 1100-0
4 2017 Al 2.3 1100-0
5 Tool Steel 5.0 1100-0
) 2017 Al 7.0 6061-T6
7 2017 Al 7.0 7075-T0
8 2017 Al 7.0 7075-T6

with velocity for any single case. This results in errors weli within the experi-

mental errors that arise from other sources,

Flosh X-ray Results

Nearly two hundred flash x-radiegraphs of growing craters were
obtained in this study. Ail data was analyzed according to the procedures
described in Chapter {11, Histories of creter diameter, D, and penetration (depth),
p, were obtained for each of the eight cases considered. The data wes normalized
with respect to the projectile diameter, d, to facilitate size scaling and compori-
sons of the results, Cases 1 and 8 contain informatien obtained from experiments
conducted with both 0.318 cm and 0.636 cm diameter projectiles, When scaled
in the manner described, the results are indistinguishable with respect to pro-
jectile size,

For each set of data a least squares technigue was used to cbiain an

analytical representation of the form:
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Table 1V

Tabulation of Crater Growth Experiments

Projectile Target Number
Rou~1  Diometer Materiol Velocity Material  Thickness of Data
Number (em) (kmy/sez) (Aluminum) tcm) Points

1043 0.3175 Al 2.22 11000 2.49 FC only
1044 0.3175 Al 2,34 1100-0 2.54 5
1045 0.317% Al 232 1100-0 2.54 4
1049 0.3175 Al 2.3e  1100-C 2.27 5
23821”03175 Al 6,90  1100-0 3.38 5
2385%. 2 0,3175 Al 7.05  1100-0 2.38 -
2384)>  0.3175 Al 7.04  110C-0 2.38 5
2385 0.3175 Al 7.0 1100-0 3.18 3
2502 0.3175 Al 7.45  7075-T0 2.54 2
2503  0.3175 Al 7.16  1100-0 2.54 5
2504  0.2175 Al 7.22  1100-0 2.54 4
2505  0.3175 Al 7.14 11000 2.54 4
2506  0.3175 Al 7.15  7075-TO 2,54 2
257  0.3175 Al 7.35  7G75-TO 1.59 6
7508  0.3175 Al 7.16  7075-T0 2.54 3
2509 0.3175 Al 7.29  70,5-Té 2,54 4
2510  0.3175 Al 7.20  7075-Té 2.54 3
2311 03175 Al 7.25 7075-Té 2.54 3
515 03175 A 540  11060-0 2,54 6
2516 G,3175 Al 503  1100-0 2.54 5
25177 0.3175 Al 507  1100-0 2.54 é
2519 0.3175 Al 7.27  7075-T9 2.54 2
2526 0.3175 Al 7.27  7075-T6 2.5¢ 2 FC
2521 C.3i75 Al 730 1100-0 2.54 2 FC
2523 03175 Al 7.28  7075-10 2,54 FC only
2524  0.3175 Al 516  1100-0 2.54 FC only
2525  0.358 Steel 492  1100-0 .54 5
2526  0.358 Steei 526  1100-0 5.08 2
2527  0.358 Steel 503  1100-0 3.81 4

528 0,358 Steel 513 1100-0 5.08 4
2684 0,635 Al 6.63  &061-T6 2.54 7
2685  0.635 Al 7.0 6061-T6 4.13 8
2686  0.635 Al 7.01  6061-T6 3.18 5




Table IV {Continued)

Projectile Target Number

Round  Diameter Material Velocity Materiol  Thickness of Data
Number (em) krry/sec (Aluminum) {cm) Poirts

26863 0,635 Al 670  6061-Té 4,01 10

2689 0.635 Al 6.90 1100-0 4,44 6

2692 0.635 Al 6,98 7075-T6 2,16 9

Y RPX] 0,635 Al 698 7075-T6é 3.56 3

2694 0.635 Al 6.80 6061-T6 3.56 8

2696 0,635 Al 696  1100-0 5.08 7

2698 0.635 A} 4.19 1190-0 3,02 5

2700 0.635 Aj 4,03 1100-0 4,45 7

2702 0.635 Al 4,08 1100-0 3.30 8

2704 0.635 Al 4,20 1100-0 3.30 7

e indicates estimated projectile velocity

FC indicates framing camera experiment

(1) Experiments performed by Smith {Ref. 34) ot this facilitv,

(2} Time base very uncertain and data did not agree with other experimental
results -- doto not used,

(3) Time base incorrect. Each data point shifted by 5,08 nsec resulted in
gocd ogreement with remainder of experimentol data,

(4) Small pieces of sabot cap hit crater area several microseconds after
projectile impact. Effects of cap impact on crater formation oppear
negligible, bezcuse they occur after the x-rays ware obtained,

(5) All aluminum projectiles were 2017 alloy.

(%) or(%) = A-B e %/ég) (Ea. 1)

where A and B are dimensionless constuats and { - /d) is o quaniity with di-
mensions wusec/cm that represents an exponential p2riod for the crater growth
process, i.e,, it indicotes how fast the crater is approaching its fincl size, The
vaolugs A and B were picked bosed upon he physical argument that, at the very

earliest times, the projectiie penetrates the target with very little deceleration.
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at t/d  0.71 usec/cm. Consequently, on the scale shown, it is not unreasonabie
to assume that the D/d and p/d intercepts ot t/d = 0 are 1.0 and 0.5 respectively,
Likewise, ot late fimes the D/d or p/d ratios must assume o constent value
identified with the final crater diameter or depth respectively. Consequently
the following volues were selected:
A-:(Final crater diameter or penetration)/(Projectile Diameter)
B- {A-1for D/d
?A - 1/2 for p/d
The constont ( 7 /d) was then determined using the least squcres criteric. A
related form of analytical fit was used by Smith (Ref, 34), The values of these
constants for each case and the standard deviction for each curve are given in
Toble V. The dashed lines in these figures give a measure of o, the standard
deviation of the fit in each case,
In several cases it was possible to obtain slightly better fits to the data
with a Prony series expression in the form:

n

k.(t/d)
(D/d) or (;:/d):Z a.e !
i=1 (Eq. 2)

where the ki are constants selected empirically ond the a, are determined using
a computer and a generalized least squares technique, The fits achieved were
not sufficiently better, however, to employ these rather compiicated expres-
sions in place of the very simple analytic expression actuaily used.

The experimental data points obtoined as well as the anaiytic curve fit
to each set of data points ore shown for Cases 1 through 8 in Figures 17 through
32. The data points shown as circles were derived from x-ray films rated cs
average or good. Those points marked with friangles were from the poorer
x-radiographs and were expected to show more scatter -~ though little dif-
ference is actually noted, The detailed dato from these experiments are in-

cluded in Appendix B.
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Table V

Constants for Crater Growth Curves

(D/d) or (p/d) - A-Be” (t/d)/ (=/d)

Case A B +/d Standard
{ usec/cm) Deviation

of ﬁf, o
1 - Diameter 5.20 4.20 15.6 )
Penetration 2,89 2.39 14,5 .08
2 ~ Diameter 4,42 3.42 14.9 A3
Penetration 2,52 2.02 14.7 J4
3 - Diameter 3.94 2.94 13.0 16
Penetration 2,27 1.77 18.2 18
4 - Diameter 2,60 1.60 14,7 J1
Penetration 1.56 1.06 20.4 RA
5 - Diameter 6,03 5.03 32.3 a3
Penetration 5.02 4,52 21.3 .18
6 ~ Diameter 4,14 3.14 8.6 A2
Penatration 2,07 1.57 7.7 .08
7 - Diameter 4,27 .27 13.C 09
Penetration 2.48 1.98 14.4 A3
8 - Diometer 3.38 2.38 7.9 10
Penetration 1.63 1.13 7.5 09
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The datc of Cese 1 (1100 Al torget; was cbtained from the highest
quolity x-radiogrophs -- those showing the largest craters and highest con-
trast, As croters became smaller due to lower projectile velocities (Cases
2, 3 ond 4), the x-radiogroph gquality decreased, This is most readily apparent
in the data of Case 4 where the projactile velocity was very low, 2,3 km/sec, ond
the projectiles were all 0.318 cm spheres. The croters were small for these
experimeats and the daia shows considerable scatter, All data points obtained
in the program are reporied except those thai could be deleted for specific,
identifiobie causes or which exceeded three times the standard deviation of the
anolytic zurves described bejow, Paints 'vhich lie outside the range of the plots
are indicated by darkened circles,

The accuracy of the reported tic::= from impact for any point is
a function of the measurement technique used. If the timing signal was
derived from the ionization switch or: ihe x-ray source, the times ara ac~
curate to approximotely 0.2 usec while if the signal was derived from the x~-roy
source trigger si.gnol, the accuracy was about 0.7 psec, In c few cases, neither
of these signals was avoiloble and an estimate of the time was made from other
sources, Appendix B lisic the estimated accuracy of the time as well os the

source of timing signal for each fiash x-roy data point.

Analysis

These results yieic 3 good deal of quantitative information about the
crater growth process in aluminum and the qualitative model of the various
pnases of the growth discussed in Chapter i, In addition to the primary
phenomenoc of material strength effects, the experiments yielded dota related
to such effects ac variation in the crater growth with velocity, strength effects,
and the evistence cf rebound during the growth process . Each of these is
diccussed below,

Velocity Dependence. Everything else being constant, it is expected

thet the final croter size will increcse as a function of the projectile impact
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velocity since more energy is available to the process, A greot deal of effort
has been spent in studying this velocity scaling law, which is usually written

in the form:

/d =kv"
p

(Eq. 3)
where k may describe properties of the target and projectile, but is not a
function of vp,

It i usually assumed (in the hypervelocity regime) that the crater
diometer, D, is simply twice the peneiration p, The values of the constant
n range all the way from 1/3 to 2/3; from a rmomentum <ezaidence fo an
energy dependence. The most generaliy accepted value for impacts thr.t are
truly hyperveiocity is n =0.58 based upon combined numerical and analytical
studies by Walsh and Dienes (Ref, 42), Thus assuming that n=,58, the results
of the present s:udy for penetration into 11C0-0 aluminum vield (p/d)ﬁnol =
0.96 = .oa)vp“’8 and (O/d),.__ = (1.66 :.oe))vi_”'58 for the diameter. These
relaiions ore in agreement with Halperson's dota (Ref, 43). Nothing is reveaied,
of course, about the dynamics of the crater forraation.,

The resulis of Cases ! through 4 iilustrate the growth cf craters in
1100-0 aluminum created at four different projec:iie velocities ranging from
7.0 km/sec in the hypervel.city regime down to 2.3 km/ sec, which is in the
bollistic impact regirne. The curves derived from these results are shown in
Figs. 33 and 34, From these, three phases of crater growth can be
discussed, At early times (roughly t/d < 10} for the three higher velocity cases,
the behavior is domincted by hydrodynamic processes and the crater grows at
a high rate, Later (10 < #/d < 40) the target strength becomes increasingly
important and slows the crater growth completely,

At the lowest velocity, when the peok pressures are so low that no true
hydrodynamic phase should be encounter-~d, target strergth should affect crater
growth from the onset, The dota obtained ot 2.2 km/sec (see Figs. 23 and 24,

Case 4) is not of sufficient accuracy to estublish the behavior ot early times --
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in fact nc readable data wes obtained at t/d < 18, The exponential curve derived
from this dota is likely to be rather inoccurote and should not be taken to irply
any more than a generul trend. Indeed, the justification for the use of the ex~
ponentia} form to fit the Case 4 dota rust be based upon analogy with the Case
1, 2, ond 3 dato, not upon direct evidence.

The variation of the crcter diameter growth ime constant ( + /d)D with
projectiie velecity is either smail or non-existent over the range of velocities
considered here, Since this time constunt represents ¢ measure of the relati re
growth rate, i.e, D (t)/Dﬁnol, this is a reasonable result., The absolute
growth, as indicated in Fig. 33, is higher at the higher projectile velocities
as expected,

The data indicates an increase in ( /d)P with decreasing projectile
velocity, o somewhat unexpected result, Again, however, the absolute growth
rates (see Fig. 34) oppear in the correct order. The data for Cases 3 and
4 are so sparse at early times for tha penetration measurements that it is likely
that large errors were associated with the determination of ( r/d)P here, It
is therefore possible that the values ¢cf */d do not depend upon the projectile
velecity over the range considered,

Crater Shape, At hypervelocities there is a strong tendency for the
craters formed to be approximately hemispherical in shope. Even though the
experiments conducted here extend anly into the lower end of the hypervelocity
impact region (vp was never more than fifty per cent cbove the sound speed in
the torget material) this trend is cleariy evident in the results of Fig. 35. The
dotc are taken from the croter growth curves for Cases 1 thrcugh 4, A
perfect hemispherical crater wouid grow alon g the dashed lire, For the 1100~0
aluminum targets, there is a tendency for the penetration to exceed the crater
radius by about ten per cent, The data for the 4.2 km/sec projectile velozity
case indicate thot the crater shape changes during the growth process at the

lower velocities, The growth data on the 2.3 km/sec projectile velocity case

are sufficient to substontiote this trend, The doto for Cases 1 and Z (7,0 and 5.2
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Fig. 35. Crater Shepe During Growth -~ 1100-0 Aluminum
Target at Four Projectile Velocities.

km/sec projectile velocity) lie along the same curve,

Figure 36 shows equivaient croter shape dota for the four alloys of
aluminum used, oll with a projectile velocity of 7.0 km/sec nor';ﬁnolly. The
harder alloys form more necrly hemispherical craters, At these velocities,
the crater shope remains neorly constant during the growth process. On these
figures, all craters "start" at the point B/d =1, p/d =1/2 corresponding to
the projectile half imbedded in the target ond continue along the lines shown
to the end points marked with data symbols.

Target Strength, Coses 1, 6, 7 ond 8 were conducted to explore the
effects of mcterial strength upon the crater growth rates in aluminum. The
curves derived from the experimental dota a1e redrewn in Figs. 37 and 38.
The results agree quite well with the four phase description of impact cratering
described previously. The earliest penetration phase -, «. short at the impact

velocities studied her hat no information wos acjuired on this phase, The
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Fig. 38. Comparison of Crater Penetration Growth for
Four Aluminum Alloys.

hydrodynamic phose, where pressures greatly exceed any material strength
(specifically where the pressure is substantially greater than the deviotoric
comncnents of the stress tensor), is of relatively short duration, but definitely
exists at the 7.0 km/sec impact velocities, The peok pressure af impact

is nearly one megabar. This phase is illustrated rather cieariy on Fig, 37
where the craters in all four alloys are shown to grow at necrly the same rote
unti} t/d =8,

In the region 8 <t/d < 25, mcterial strength begins to dorminate, slowing
the growth. Finally in the region t/d > 25, the crater growth is arrested com-
pletely. As expected, the stronger materials result in smaller craters and the
strength seems to affect the growth earlier in the process.

A brief examination of the variation of the final croter diometer and
penetration with the yield strength, Yo, of the target matericl yielded the fol-

lowing opproximate scoling faws for a projectiie velocity of 7.0 km/'sec.
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where Yo i< in kilobars,

These relctions con be considered only approximate since the scstter of
the experimental dota around the values predicted by these equations is re-
latively large and moy not be valid ot other projectile velocities, Additicnal
correlation of final crater size with material properties is discussed in Appendix
A,

Likewise, it was determined that the time constants, 7/d, varied with

tha yield strength as follows: ( - /d)D ={ r/<:l)p = (.86 Yo-'z. Hence

Dﬁnol’/ r = 0.39cm/ nsec

pﬁncl/ r =020 cm/ gsec {Eq. 5)

This implies ti t, ot least to first order, the growth speed, insofar os it is
charocterized by the time constant, r , remains about the same independent

of the material yield strength. This conclusion is consistent with the data shown
in Figs. 37 ond 38, (See Appendix H for further discussion and dimensional
analysis implications,) The greatest deviation from this resul: is displayed by
the 6061-T6 atloy which tends tc grow slightly faster thon these scaling lows
would oredict. The slightly higher density ( ~3%) of the 5061-T$ may explain

in part this tendensy toword faster croter growth,

Crater Rebound a d Previous Experimental Results, The application of

flash x~-ray techniques to the mecsurement of crater formaiion in solid moterials
has received only limited ottention in the past. The earliest information was ob-

tained by Gehring (Ref. 33) who used 1100-0 alumirum targets, These datc as

&
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well as new results in wox targets were reported in Ref, 8, Later studies

by Holloway (Ref. 44) and by Frasier, Karpov, and Holloway (Ref, 11) were
reloted to more extensive studies of the hydrodynamic behavior of the crater
formation and shock propogation in wax,

Each of these sets of data indicated that significant "rebound" occurred
during the crater formation, that is the crater grew beyond its final dimensions
during the middle stages of its growth process and relaxed to its final con-
figuration ot later time. Frasier's dota indicates that, in wax there is little
rebound in the crater diameter, but that the crater depth grows to 35% larger
dimensions than its final configuration (Ref, 11:137-138). Frasier aottributes
this to the high compressibility of the wax, but indicates that the rebound in
metals should be expected to be iess pronounced,

Gehring's data is shown in Fig, 39 and compared with the resulis
obtained in this study for Case 5, o steel projectile with 5.0 km/sec velocity
impacting an 1100-0 aluminum tai'get ot normal incidence, Gehring’s experi-
ments, conducted in 1960 when hypervelocity projection techniques were not
as well developed ond when flash x-radiograghy was a relctively new technology,
involved the impact of an 0.18 gram stee| disk, traveling at 5 km/sec, upon o
2S aluminum (1100-0 aluminum equivolent) target. In attempting to compare
the results, the diameter of on equivalent mass sphere of steel, d =0.358 cm,
was used to scale the data. The differences in final penetration are rather large
ond apparently due to projectile shcpe -- a disk as opposed to a sphere, The
disk impact results in rother significant attenuction cf the on-uxis pressures
in the target due o the rapid onset of rarefaction from the rear of the disk,
thereby resulting in Jecreased penerration, On the other hond, the crater dic-
meter is determined largely by other processes such as the shear flow that
occurs at late time and its final value appears not to be a sensitive function of
the projectile shope,

Gehring's dato indicates substantial crater rebound; both ir diameter

and depth, The 1ota obtained here {Figs. 25 and 26) indicates no such trend.
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Fig. 39. Comparison of Experimental Flash X-Ray Crater
Growth Data with Gehring's Results (Scaled).

The impacts of aiuminum spheres into 1100-0 eluminum targets at 7.0 km/sec
(Figs. 17 ond 18) clecrly indicate that no measurahle rebound phenomena occurs
for either the crater diometer or depth (penetration) to within the accuracy of
these experiments, which is roughly 4%, Ai lower velocities in this target
matericl (Cases 2, 3, end 4) the data is less complete, but agnin there is no
indication of any crater rebound. The datc for she harder ofu. vinum alloy
targets (Cases &, 7,end 8) show definite evidence that no rebound occurs,
Those results clearly indicate that crater rabounc is not a typical feoture of
the impact of spherical projectiles into oluminum targets,

Tne only remaining explonation for the large rebound measured by
Gehring and shown in Fig. 39 is the difference in the shape of the projectiie

used. No ottempt was made to explore projectile shape effects in this study.
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As mentioned before, several researchers have used fraoming camera
measurements of the front surface plume to determine crater growth rates,

It is very desirakle to have o technique such os this available since most
metallic targets do not lend themselves to flash x-ray studies because of
x-iay absorption properties, Smith (Ref, 34) obtained results with framing
comera photographs thot indicated a lack of good correlation between the
growth of the plume or outside dimension of the crater lips and the growth

of the inside diometer of the crater. Smith's work has been extended here to
cdditional impact situotions and newly developed fiim reoding and dota reduc-
tior. techniques have been applied to yield more accurate results,

The results obtained ore presented in Figs. 40 through 44 for the five
cases where data was obtained, For Case 1, Gehring's framing camera data
employing .476 cm diameter spherical projectiles (from Ref, 12) i+ super-
imposed for comparison. They agree quite well with the framing camera deto
obtained in this study for what was termed the "plume minimum", However,
the agreement of framing camera dota with the fiash x-ray dats is only quaii-~
tative at best, Gehring obtained results out to luter times {t/'d > 100) which
indicate that vhe "plume minimum® exhibits a rebound behovior of some five to
ten percent. In the case of this very soft and ductile 11000 aluminum target
the "plume minimum" seems ic represent the outside diameter of the craoter
lips -- an exact correlation with the history of the inside crater diameter need
not oceur,

For the hardest material studied, Case 8, 7075-T6 oiuminum, shown
in Fig. 44, the framing camera data extends to relatively late times when
equilibrium values have been achieved, Here there is no evidence of any re-
bound phenomena. Also the correiotion between framing camera and x~radio-
graphic records of croter growth is quite poor. In this hard olloy, the croier
lips actually fracture and are ejected away from the target at late time although

this does not seem to ccmplicote the interpratation of the framing camera
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records,

The remaining data presents esszntially the same picture; it is possible
to obtain good records of the growth of the front surface plume, but the cor-
relation of this dota with crat:r growth dota obtained using fiash x~rays is only
qualitative ot best, The measurements of the “plume base", that is the diometer
of the region of deformation on the target surface, show roughly the expected
behavior, but little correlation with the croter diometer, There is not much
likelyhood that ony quantitative information regording croter diameters can be
obtained from measurements of the plume boase,

The ag 2ement between the framing camera data on the plume and the
flash x-ray data or crater internal diameter may be improved by assuming that

both diameters grow according to the exponential low discussed previously with
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the same time constant ., The magnitude of the diameter is found from (D/d)

final, That is, assume that

D -t/r
(3) 1ren-eVT) (Eq. 6)
and where the framing camera data takes the form
(%)plume 1+b(1- e—'/T ) (Eq. 7)
diameter

In these equations the quantity (1 t a) represents the final meosured
value of D/d for the crater diameter nd the quantity (1 } b) represents the

very late time value of D/d for the plune minimum which can be obtained from

t/r

the framing camera record. Eq. 7 is then solved for e ond substituted

into Eq. 6 to obtain
D

(“') .= 1+4+a | (D/d) plume aiam -1
d/ adj ) (Eq. 8)

When adjusted in this monner, the modified results lie within fifteen percent

of the value calculated from the curve derived from flash x-roy data, This
indicates that, to first order, framing comera records of th? plume growth can
be used to infer the value of the exponential period 7/d, oFAthve‘ crofer. This;
scaling technique is not completely successful since some minor differences are
noied in the shapes of the x~-ray ond framing camera derived curves. Practical
diificulties exist in that sor ¢ "equilibrium" or neorly final value of the " plume
minimum" diometer must be known to apply the scaling. In Cases 2, 4,and 7

this information was not available,

All in all, the determination of crater growth rates from framing
camera records leaves much to be desired, although for the aluminum alloys
used here, this approach does yield at least a qualitative picture of the process,
Under other conditions or with other materials, the correlation between the

plume and crater diareter histories might be very different,
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Correlatiop With Numericol Resuylts

Orly in recent years hav numerical schemes been ovailable for pre-
dicting the behavior of materials subjected to hypervelocity impoct where the
affects of material strength could be included. In foct, through the last (Seventh)
Hyperveloci® Impact Symposium in 1965 no such results hod been reportec cl-
though several groups were developing the required techniques at that time,

Computer programs have since become available for handling thic type
of problem (see Chopter I1). Due largely to ke expense involved, the number
of thick target impact calculations performed has been rather {imited, One set
of calculations by Rosenblatt (Ref., *.)) was commissicred to compiement this
research study. Results are avaiioble at this time on three separate preblems,
each involving the normal impact of an 0,635 cm diometer oluminum sphere onto
a thick aiuminum targst: (1) 7.0 km/sec projectile velocity, 1100-0 alloy tcryet;
(2) 4.0 km/sec projectile velocity, 1100-0 olloy torget; and (3) 7.0 ken/sec pro-
jectile velocity, 7075-T6 alloy target.

The results of an earlier calculation by Rosenblatt (Ref, 41) for the
impact of a large aluminum cylinder on a 6061-T6 aluminum target are clso
available as are two calculations by Dienes (Ref, 40} involving the impact of
aluminum spheres onto two targets, 1100-F end 2014-T6 aluminum, af 7.35 km/
sec velocity. In each of these cases only limited detail is available. Even though
the latter two sets of calculations were nct designed to match the experimental
conditions reported here, they still yield interesting resulis and are included,
appropriately scoled, for completeness, In the following sections, the portions
of the calculations described above that decl with the dimensicncl history of the
crater are compared with experimenta! results ond discussed.

Rasults of Rosenblatt, The preliminary numerical results obtoined by

Rosenblatt (Ref. 41) and specificolly designed to correlate with the experimentac!
results of Cases 1, 3 and 8 of this study ore shown in Figs. 45, 46 and 47 res-

pectively, For comparison purposes, both the experimental points obtained in

71




TINT A P T T pereay

E
1
\
C

-
"‘

CASE |
1100 Aluminum
T km/sec velocity

D/d or p/d

———— Numericcl (Rosenblatt)

4
--==- Curve Fit To Experimental Data
| | d L
(o] 5 i0 15 2C 25
t/d {usec/cm)

Fig. 45. Compcrison of Numerical and Experimental
Results on Cruter Growth -~ Case 1,

3
-~ umerical (Rosenblatt)

- «= Curve Fit To Experimen-
tal Data O, - Lo

N
I

CASE 3
1HOO Aluminum

< km/sec Velocity

D/d or p/d

0 2.5 5 75 io
t/d (usec/cm)

Fig. 46. Comparison of Numerical ond Experimental
Results on Crater Growth -- Case 3,

72




F AT

Y
o

- CASE 8
P S0 7075-T6 Aluminum

7 km/sec Velocity

— D,

% / R 3 To e Lol
v I"-/ &”"0 p/d

N
™

D/d or p/d

Numerical {Rosenblatt)

: g —~—~ Curve Fit To Experimen-
i tal Data
0 l J i }
' o 5 10 15 20 25

‘ t/d (psec/cm)

S I R b Lt R Y

Fig. 47. Comparison of Numerical oand Experimental
Results on Croter Growth -- Case 8.

T IV T

this study ond the curve fit to this dota with an exponential form are shown on
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these plots -- see Table V.

DS,

Note that little claim is made for the accuracy of the curve fit to the

- v

experimental dota ot very early times when t/d < 4 since it was very nearly
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impossible to obtain data during that phase, For Case 1, the agreement in
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penetration history out to the point where the colculations were terminoted is
quite good. The divergence at early time may be due to a question of inter-

pretation in the numerical calculations as to what constitutes the bottomn of the

crater until the projectile is completely consumed,

For the croter diameter, the agreement is considerably poorer, al-
though that is not immediately obvious from the few data points shown, The
doshed line is in fact, better because it is derived from doto thot extends to
much later times but which is not shown. The final value of D/d for Case 1

is 5.20 experimentally and even though craters in 110C-0 aluminum continue to




grow for a very iong time {t/d > 60) the trend is ciear -- the numericai caicuiation
for D/d will likely not agree with the correct final value as evidenced by the slope
of the growth lines at i/d = 15, and certainly the growth exponentiai period wiil
not be correct.

in the region of the crater lins ond sides, there is considerable plastic
flow ond hence o great deal of plastic work with resultant material he_ring. It is
possibie that ‘.is failure to predict the cori ect history of the crater diameter is
due to a poor model for thermal softening in the computer progrom. Since ltttie
is known about thermal softening (variation in yield strength with temperature)
under these shock loading conditions, o simple model of the variction was used
in the calculations. [t was assumed that the yield strength, Y | varied linearly
with tempercture between Yc at room temperature ond zero at the melting tem-
perature of the mQTericl. Calculations by Rosenblatt with a modified thermal
softening mode! failed to confirm this explanation of the incorrect prediction
of late time crater diameter history. It may be that the thermal softening pro-
perties of 1100-0 aluminum are more non:-linear than had been expected or that
some other processes are affecting the calzulations.

At lower projectile velocity (Case 3, Fig. 47) the experimental data
is less complete, but the trends are about the same. In the region4 < t/d <8
the agreement between numerical calculations and experimental points is quite
good. For these conditions, crater growth continues to as lote as t/d=60-79,
Consequently, it is difficult to tell from the available information whether
crater finol dimensions wili be predicted correctly.

In each of these calculations in 1100-0 aluminum it would have been
better to carry the colculation to the point where croter growth was essential-
ly complete, However, lack of funds dictored that the colculations be terminated
as soon as the information on shock wave propagation required for the second
phase of this effort was obtained.

The 7075-T6 aluminum olloy has such a high strength that the crater

growth terminates relatively quickly as evidenced in Fig. 47. In this cose,
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the numerical calcuiations were carried nearly to the point of compietion of the
crater growth. The prediction of the final crater diameter of D/d = 3.25 com-
parec with the experimental value of B/d = 3.38 is excellent, In fact the com-
plete history of the croter diameter is good olthough there seem« !o be a slight
tendency for the code to cverestimate the diometer in the region 5 < t/d < 15,
Several explanations are plausible, '~ juding the possibility that the calculotions
are underestimating the effects of stroin rate or viscosity at 2arly times, In
any event, the difference is rather small ( < 10%) and is undoubtedly due in part
to the lack of accurate knowledge about the properties of the target material,

The experimental penetration data need expianation, The 7075-T6 alloy
is so brittle that the entire region of the crater displays fracture phenorrena
after the impact event. A typical crater produced in this series is illustrated
in Fig, 48, The crater lips are completely spalled and ejected from the
target. Likewise the sides and bottom of the crater are rough and jaggad.
Inside the crater, the degree of surface roughness is typicolly two milli-
meters cr so for craters produced by 0.635 cm diameter aluminum spheres
impccted ot 7 km/sec,

After the impact, any measurement of final crater diemeter by con~
ventionol means is meaningless since the whole lip region has spalled away.
in contrast, the flash x~radiographs of craters in this material, even those
taken ofter the impact, show o smooth wal! appearance -~ obviously the result
of "averaging” the mass in the fracturad region of the crater walls. Con-
sequently, the final croter diameter D/d = 3.38 used to obtain a fit to the ex-~
perimental data {Tabie V) was obtcined by direct measurement of the final
crater diameter in x~rodiographs with the tarrget diometer os a dimensional
reference,

The same procedure was followed in obtaining the finol p/d = 1.63
used in Table V. In this case independent measuren-ents of finai crater

depth ure possible {Appendix A) and yield the average value p/d = 1,87. For
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Fig. 48. Crater in 7075-T6 Aluminum Alloy
Hlustrating Fracture Phenomena,

these measurements, depths are measured to the deepest portion of the crater
bottom -- hence the difference in p/d of 0.24 (1.5 mm for the .635 cm diometer
projectile) cbtained from these two techniques is apparently due to the large
fracture zone crected in this alloy.
In view of these results, the history of crater depth in 7075-T6 alu-
minum predicted by numericol techniques and shown in Fig. 47 may not be
os bad os it appears at first glence, It is likely that the x-radiographic dato
are related to the upper surface of the fracture zone on the zrater floor
while the numericol technique is oredicting the deepest portion. The final value
of p/d  1.95 predicted numerically agrees quite well with measured results,
Another interesting result of these calculations is the history of the
ratio of crater penetration to crater diometer illustroted in Fig. 49. Agoin
the doshed line indicates how the crater would grow if it were perfectly hemi-

spherical at oll times. In the region D/d > 2.5, the results for 1100-0
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Fig. 49. History of Crater Penetration to Diameter
Retio -- Numerical Results of Rosenblatt,

cluminum ogree rather well with the experimental doto (see Figs. 35 ond 36),
The results for 7075-T6 aluminum displuy some minor lack of agreement, ogain
probably related to the fracture zone in this hard alloy.

All in all, the numerica! results of Rosenblctt show relatively good
agreement with the experimental crater growth data with a few exceptions, In
the softer aluminum there appears to be c tendency to predict crater diameters
that are toc small ot late times, Aithough it is perhaps naoive to generalize
from the dota available, there seerns to be a tendency for the computer results
to yield crater growth rotes that are somewhat foo high ot eurly times (t/d < 5).

Other Numerical Results, In Ref, 40 Dienes presents the results of

two hypervelocity impact calculations performed with o strength version of
the QIL code, ¢ two dimensional Eulerian formulation that included perfectly
plastic ond viscous effects, The calculetions invoived the normal impact of

0.4763 cm diameter spheres at o velccity of 7.35 km/sec ontc 1100-F and
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2014-T6 aluminum targets with vield strength correspending to 0.75 kilcbars
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and 2,39 kilobars respect.vely. The results are presented in Fig, 50. The

experimental data obtained in this study is represented by the solid lines.
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The final croter size for several alloys is also shown.

A

The crater growth (penetration) Dienes obtained for the 1100-F
aluminum agrees well in shape but not in magnitude with the dota of this study.
The material reported by Dienes has a yield strength larger than the 0,26 kb
ot the annealed 1100-0 alloy used here, yet he reports a larger value of D/d,

3.06, opposed to the velue of 2,89 cbtained in Appendix A, it appears there-

e b, VBT A

fore thot Dienes' calculations tend to underestimate the role of the moterial
strength in halting the croter growth by olrmiwst 20 percent, i.e,, the crater

penetrotion is about one fifth less than that predicted numerically.
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The predicted behavior of the 2014-T6 alloy during the rcughly hydro-
dynamic behavior phase, t/d < 15, follows the experimental data for the
1100-0 aluminum very closely. The strength of the 2014-T6 alloy is just
slightly less thon thot of the 6061 T6 alloy used in this study, so the general

late time behavior of the crater formation is 2014-T6 aluminum predicted by
Dienes is still somewhat high,

Finally, the results of one other calcuiation are available, Rosenblatt
(Ref. 41) colculated the normal impoct of an 8 cm diameter by 8 cm high
right circular cylinder of 6061-T6 aluminum upon a thick target of like material.
The projectile velocity was 7.35 km/sec. The diameter of an equivalert mass
sphere was used to scale this data which is shown in Fig. 51, Again the
general agreement with experimentcl dato is relatively good ev::2pt for the
region t/d < 5, The effects of the difference in projectile shape seem quite

trivial for this situation.

Summory

7 lash x-rcy techniques have been used fo obtain experimental mnasure-

rnenis of the growth of craters in aluminum targets subjected to hvpervalacity
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impacts., Dato on both crater diometer and penetration (depth) were obtained for
faur alloys of widely verying static strength properties: 1100-0, 8061-T4,
7075-T0, and 7076-Té, In all rases the projectiles were aluminum spheres with
velocities of approximately 7 km/s=c, Additional dato were obtained for 1100-0
cluminum targets impacted by projectiles with velocities of 5.2, 4.2,and 2.3
kim/sec. One additionai ccmbination, a steel projectile impacting on 1100-0
aiuminum target at 5 km/sec was studied to explore crater rebound phenomena,
In each case a simple exponential growth law whose coefficients could be

related to the projectile size and final crater parameters was found to yield a
good fit to the experimental dataq,

Additional information was obtained in the form of high speed framing
comera photographs of the expanding front surface debris plume produced
during the impact process for four situations, Meosuremerts were made of
the history of the narrowest portion of this piume. When properly scoled, this
data yields o rough correlation with the inside crater diameter history as ob-
tained from the flash x-ray studies, Lut there is no good evidence that piume
measurements can be used to obtain reliable measurements of the crater
growtth histories,

Finally, the experimental crater growth results are compared with
the results of several numericel calculations of hypervelocity impact events,
The resuits show generolly good agreement betweun theory and experiment,

but poirt to several oreas where the theoretical behavior is in question,
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V. Shock Propagation -~ Experimental Techniques

While cavitation dota is important to the understonding of crater forma-
tion in thick metal targets, it represents or'y a part of the picture. The hyper-
velocity impact also generates - strong shock wave which propagotes into the
target. From o practical point of view, studies of impact damage are generolly
concerned with the effects that take place ot material interfaces or the rear of
the target, such as spcll, debonding, or delaminction, depending upon the charac-
ter of the materiol. It is the characteristics of the shock wave thot determine
the made and axtent of this domage,

The initial features of the chock waove are determined by the loading
occurring in the region of the growing crater. The shock wave travels outward
from thot region through virgin moateriai, changing in cheracter as it moves,

The shock wave decays in amplitude due to: (1) the roughly sphericai divergence
from the impact point, {2) release waves generated near the impact region, and
(3) attenuation related o the strength properties of the torget matericl. Experi-
mental date on shock propagation variables provide additional understanding of
the vverull impact processes and valuabie information for correiation with theo-
retical predictions of impact.

For these reasons, the second phase of this study is concerned with
experiments designed to obtain dato on selected features of the shock wave
generated by hypervelocity impact. The remainder of this chopter describes

several types of experiments and the techniques used to ob*ain data,

Experiment Selection

Requirements. In studying the propagation of shock waves craated by
by hypervelacity impact experiments, the vaives of tlie flow quantities at the
shock front are of particuiar interest. Thease volues reflect the effects of all
factors involved -~ divergence, relexction, strength -- but involve measure~

ments at unly one point as opposed to the measurement of o field quantity. If
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the Hugoniot curve of the moterial is known, the measurement of any variable
behind the shock front (such os @ the normal stress; Py density; Uy particle
velocity; DH’ shock velocity; and e:, specific internal energy, where the subscript
H refers to the Hugoniot values at the shock front) ailows celculation of ol the
others through the Rankine-Hugoniot jump conditions. Likewise, the peak values
of such quontities as normal stress generally occur . the shock front and tend to
be most accurately predicted by availoble numerical techniques, it follows that
measurement of one of the Hugoniot values is the most useful in studying shock
propcgation and in comparing theory with experiment.

Early analyvtical calculations (see Chapter VIi) ond G variety of two-dimen-
sional numericol calculations have shown that, for a hypervelocity impact normai
to a piane surface, the shock wave propagates in a nearly spherical fashion, The
results obtained indicate that on the oxis (i.e.,directly ahead of the projectile) the
flew quontities are littie offected by the presence of the free surface ot the target
front, The analysis of most numerical calculations and all experimental measure~
ments heretofore has been restricted to the on-axis case. Clearly as the angle off
axis becomes large, the flow quantities will differ greatly from their on-axis volues
because of the free surface. Since this study 's concerned with the two dimensionol
aspects of the impaat problem, it is imperative that measurements be made as o
funciion of angle away from the axis. The problem studied her~ is restricted to
normal impact on a plane surface and the results are assumed to be axisymmetric
about the projectile trajectory. There is, consequently, no azimuthal variation in
the above quantities. The geometry of {he impects studied ond the associoted nom-
encloture are shown in Fig. 52.

In solids, shock wave propagatien is a non-linear process, The shock front
changes speed os it progresses ~~ in a way that s related tc *he pack pressure
behind the shock. Consequertly, the position histery of the shock front, shock
rcdius (Rs) versus time (t), known as the shock trajeciory Is o useful experimentol

quantity since it contcins much of the history of the shock pre  jotion, Unfortunate-

iy, the behavior of most seiids is such that the shock trajsctory is o luss sensitive
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measure of the flow voriables than is, say, the peck normai stress,

The number of rounds fired in ony study must be restricted be-
cause the light gas gun range is expensive to operate, Measurement of a quantity
at a variety of distonces from impact, ot several angles, and for several torget
materials could quickly become prohibitive unless care were taken in the ex-
periment design. Experience hos olse indicated that it is highly desirable to
obtain enough data points that behavior trends can be estaoblished statistically.
Consequently, it is essentiol thor each experiment be designed to yield multiple
daota points,

In summary, the objective of this phase of the experimenial program was
to obtain direct measurements of ot least one of the shock variables directly be-
hind the shock wave (Hugoniot value) as o function of distance from the impact
point (Rs) ond the angle off trajectory (¢). A secondary objective was tg obtain
direct measurements of the shock trajectory. A normal impact and oxial sym-

metry about the projectile trajectary were assumed.
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Techniques. Many techniquas have been deviloped for measuring the flow
properties during shock wove propagation in one-dimensional (fiat plate) experi-
ments, The existence of the curved wavefron! ond tangential stresses in the hyper-
velocity impact problem makes the opplication of most of these techniques in-
feasible, Techniques reported in the literature include quartz (piezoelectric)
crystal gouges, Manganin wire, capacitance probes, streak comera/reflected
wire systems, and velocity interferometers, Each was rejected because the
required development was prohibitive,

The method szlected requires the measurement of the peak velocity of
the torget rear surface. It then yields a measure of the material velocity, Upy
behind the shock front based upon the usual free surface approximation o plane

waves:

Ves = 2 Uy (Eq. 9)

where Vee is the peuk velocity of the free .. ‘~ze, Observation of the free surface
velocity ct some point on the rear surfuce of the target then ailows a direct cal-
culation of ail the mat=ricl voriables behind the shock front through the Rankine-
Hugoniot relations ond the equation of state,

In many of the experiments conducted, the free surface motion was observed
directiy with ¢ high speed framing camera and the surface velocity was derived
from the framing camera record. In this opplication, framing cameras iack
sufficient accuracy to follow the complete velocity history of the free surface;
however, they con yield good data on the final surface velocity when the surface
is occelerated to o high velocity quickly and does not then decelerate signifi-
contly, At high stresses (cbove about 70 kb in cluminum) the suriace is ac-
celerated to Vig and centinues to move at this velocity, fracturing inte many small
particles, At lower stresses, the rasiduol strergth of the material is such that
the surface will slow down following its initial acceleration, The technique

described above then fails to yield occurate results,
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A modified technique based upon work by Hopkinson and described by
Rinehart (Ref, 45:78-80) was required for the lower stress regions. This techni-
que simply allows a thin disk of the same material as the target to substitute for
the "free surface". An essentially zero sirength bond between the disk and target
rear surface allows the disk to continue to travel with maximum velocity Vee
after the actual rear surfoce has begun to decelerate. This "fly-off disk", or
“momenturn trap," technique was first applied to hypervelocity impoct problems
by Charest (Ref, 13),

Several techniques for measuring the time between impact and the arrival
of the shock front ot a given point cn the target were develeped with varying deg-
rees of success, These include o high voltage contact pin, @ quariz piezoelectric
probe, and an optical fiber cut-off device, This portion of the experiments was
considered secondary to the free surface velocity measurements,

Materials, The target materials selected were consistent with the
matericls used in the crater growth portion of this effort. The experiments were
conducted usiug three alloys of aluminum: 1100-0, 6061-T651, and 7075-T6.
These materials should have nearly the same hydrodynamic behavior, but ¢ wide
range of strength properties varying from soft ond ductile to hord and brittle,
(See Toble Hl). The projectiles were again 2017 aluminum spheres, all of .635

c¢m diameter in this case. The projectile velocity was nominally 7.0 km/sec.

Direct Free Surface Velocity Measuremenis

As mentioned previously, at sufficiently high stresses, an accurate mea-
sure of the material velocity behind the shock front can be obtained by directly
monitoring the target free surfoce velocity ot a point, This technique has been
used many times for one-dimensional impact studies, although a framing comera
is not @ common instrument for measuring velocities in this opglication. Recently
Billingsley {Refs, 14 and 15) has opplied the technique to th2 defermination of
peak on-oxis normoal stress in aluminum and copper targets. He used flat plates

for the torgets, varying the plate thickness io obtain the stress (or material
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velocity) ot vorious radii from the impact point and measured free surface
velocity from framing camera photcgraphs,

Split Cylinder Targets, Because of the desire in this study to determine

the shock decay as a function of angle off axis it was necessary to use @ completely
different target geometry, This new design consisted of @ cylinder of material

cut olong the axis of the cylinder, The result is a "split cylinder" or half-
cylinder which is then impacted in the center of the flat face, Typical split-
cylinders before and ofter impact are shown in Fig. 53, In ali cases the cylinder
wcs quite smoll so that very good aiming accuracy ~as required to impact the
torget near the correct point. Consequently, these experiments were conducted

in o small target tonk installed just behind the blast tank on the AFML Hypervelo-
city Ballistic Range; a procedure which allowed the target to be placed much
nearer the gun barrel,

The target was mounted in a holder as illustrared in Fig. 54, The front
of the holder and the flat side of the target faced the light gas gun muzzle. The
holder was mcunted directly on the bottom plate of the small target tcnk for easy
access. The sides of the holder were mode of transparent plastic and were re-
placed ofter ecch experiment. Lines for film reading refersnce and magnification
determination were placed directly on the plostic. The Beckman and Whitley
Model 300 camero used in these experiments was sufficiently far oway from the
target, about 10 meters, that no paraliox corrections were required using this
arrongement. The characteristics of the Model 3C0 comera and asscciated data
reduction techriques are described in Appendix G,

The target was back-lighted using a custom-made spark light source
(Ref, 37) that provides a very intense light pulse of contrelled duration. ia
these experiments, the light duration was about 70 rsec, sufficiently short to
prevent rewrite on the Model 300 camera film record, A lens ploced between
the light source and torget was used to focus a large fraction of the available
light into the camera lens, With this arrangement good results were oktained

using Kodak Tri-X film with standard development in Acuﬁne®.
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The overall layout of this series of experiments is illustrated in Fig. 55.
The placement of the target precluded using the normal range system for measur-
ing projectile velocity, so another system was employed. A poir of flash x-rays
were token of the projectile in fiight, The time between the x-rays was mea-
sured by using an oscilloscope to monitor the trigger signals to each x-ray
unit. The distance the projectile traveled between the two x-ray pulses was ob-
tained from the doubie exposed x-ray film record, This system yielded velocity
measurements accurate to about 5%, A thin foil switch (see Chapter Ili) consist-
ing of two layers of 25 um aluminum fcil separated by a sheet of 50 pm
Mylor@ was attoched to the rear of the sabot stopping plate, The signal de-
rived from this switch when the projectile penetrated it was used to trigger
time delay generotors which provided signals at the sppropricte time to actuate
the x-ray sources and to turn the spark light source on, As with the crcter
growth experiments, all timing was critical since the events of interest were
completed in o few tens of microseconds,

In mast cases, the Model 300 camerc record of the event contained
several fromes showing the projectile approaching the target, This dota was
used to cbtain another measure of the projectile velocity, again accurate to about
5% (see Appendix G),

Free Surface Trajectory. The film records obtained from the experimental

setup described above yielded o sithouette, back-lighted view of the curved torget
surface, The sequence of photes shown in Fig. 56 is typical of the type of infor-
motion obtdined. The films show the maximum dimension of the expanding sur~
face, Therefore, the point of impact along the axis of the target is unimportant.
The accuracy of impact in the verticol direction (perpendicular to the torget axis
and the projectile trajectory) is quite important, liowever, since on off-center
impact alters the distance from impact te the point upon the rear surface where
motion is measured, Likewise, the direction in which a given particle leaves the
reor surface is {ess well defined if the shock wave does not impact the rear sur-

foce almost normally. A detailed description of the effects of off-center impacts
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and methods for reducing the data from the spiit cylinder targets @ré con-~
tained in Appendix C,

Briefly, the study of rear surface trojectories for slightly off-center Im-
pacts involved placing soiid material barriers (rods or wires parallel to the
target axis) in the path of the expanding rear surface such that points on the sur~
face were "marked" and their subsequent motion could be determined. This
technique is also described in Appendix C and is related to the debris cloud
tdissection” techniques developed by Swift et c!.{Ref, 4¢) to study the dynamics
of thin plate impact, The results indicate that for relatively well centered im-
pacts, the particle trojectories pass through the axis of the target, Distances
from impact to the rear surfoce (Rs) must, however, be colculated from the
actual impact point.

Even though sof histicated techniques hove been developed for obtaining
and reducing the data from the split cylinder targets, the dota still shows some
scatter. This is inevitabie because these targets are quite smoal! - ranging in
diameter fron: 2.0 tc 3.2 cm -~ ond the Madei 300 camera records con provide
position data accurate io only about 0,1 cm at the magrification employed under
good conditions, On the smailer t¢ gets t'is con result in inaccuracies in mea-
suring the impact %o surface distance of as much as 20%. In a small number cf
cases, for shock radii of less than 1,25 cent’:neter, fiat plate targets were em-
ployed in a setup like that described above, Measurement of the leading edge
velocity of the expanding rear surface then yielded a single value for free surface
velocity on axis only.

The methods described shove have resulted in a relatively accurate
technique for measuring frea surfoce velocities as a function of both shock
radius and angle off ircjectory for those coses where the ‘peck of the stress
pulse reaching ot the rear surface unequivocably exceeded the dynamic yield
strength of the matericl. At lswer stress levels, other techniques must be em-

ployed as described belovr,
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Fly-otf Disk Technique

The primary technique used for measuring peak shock wave properties
at various points in the tr-get was the fly-off disk technique mentioned earlier,
All measurements made in the region of pressures or stresses v:/here materiai
strengths might offect the orocesses were obtained with this technique, The
basic theory of operatior of o fly-off disk is explained in Appendix D which
o!39 includes a discussion of the validity of the free surface approximotion,
s 2 u, the effects of the stress wave amplitude, shape, and duration on disk
performance, and the Hugoniot dota necessary to derive the materiol properties

behind the shock front from the disk velocity.

Technique Evaluation Experiments. The initia} effort was devoted to a

short develunment program to optimize experimental techriques and applications
of instrumentation und to expiore the factors which might oifect fly-off disk
performonce, A simpiified target geometry -- a flot plate -- was employed in
a configuration iliustroted in Figs, 57 ond 58, A row of disks was place! on a
verticcl line on the target rear surface directly behind the anticipated impact
point. The bolt shown in Fig. 57 wos used as an alignment and distonce reference
in reading the photographic record of the experiment, Both framing comeras (de-
scribed in Appendix G) were used in the development tesis, always with the target
back-lighted and with o pulsed light source to provide sufficieni iliumination
and preven? rewrite, With the Model 300 cameraq, the spark li jht source mention-
ed befure was used, For use with the Dynafax Model 326 camera, a xenon flash
tube source (Beckmoan & Whitney Model 358) provided u nearly constant intensity
light pulse of —2 milliseconds duration. Either light source was triggered by an
uprange foil switch activated by projectiie penetrotion. For a description of
the framing cameras and techniques used to reduce the dara obtained, refer to
Appendix G,

The purpose of these development experiments was to investigate: (1)
fly-off disk attachment, (2) disk diameter-tc-thickness ratio (i.e, edge) offects,

(3) disk tumbling, (4) disk thickness effects, (5) projectile velocity scaling, ond
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(6) reproducibility. Due te the geometry, thesa experiments wei e not expected
tc yield velocity data as « function of angie off axis since the leading edge of the
shock tront did not interzect the rear surface normally, The data was inter-
prefed by canmparing the results of segarcte rounds where parameters were
vuried, For those disks located on axis, the shock impoct is narmal to the disk
ond vaild dota is produced, The on-axis data obtoined in this sequence is in-
cluded in the dota reported in Chapter Vi,

A tota!l of #en successful impact events were condusted in this develop-
mant series. The characteristics of each round fired sre described in Table Vi,
The series successfully demonstrated the opplication of available instrumenta-
tion and the fly-off disk technique tc the measureament of shock properties,
The row deta from this series hos been inciuded in Appendix F for completeness
olong with several other flat plate impacts described icter,

Development Resulis, The framing comere sequences shown in Figs. 59

and 60 were typical of those obtzined in this experimental program. The data
obtained from these and other photographs wers used io evoluate various aspects
of the performance of the fly-off disk technique,

Data token from Rounds 261, 2620, 2621, 72639, and 2640 were used to
determine the effect of disk thickness on the measured velocity, The results are
shown in Fig. 61. The variable rp, which represents the distonce from the pro-
jection of the impact point onto the target recr surface out to the location of the
disk, yields o measure of both shock ~adius and angle off trojectory for each
point -- consequently it is the comparison of the two curves thot is important,
The results show that the 800 um (24 mils) thick disk is measuring reduced
velocities -- due possibly to two effects: (1) edge effects c-eated by the larger
thickness-to-diometer ratio of the 600 »m disks, ond (2) these thick disks may
be avereging a rather sharply peaked stress pulse, This dota as we!l as that
obtcined in Round 2642 (at reduced projectile impoct velocity) indicotes that
300 um ond 130 um thick disks yield essenticlly the same performance to

within experimental error. Similar results were obtained using 2.54 c¢m thick
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Description cf Fly-off Disk Development Rounds

Table Vi

- —

Projectile Target
Round Velocity  Thickness Camera Numoer of Remarks
No. (ken/sec) {cm) Model Disks

2587 6,69 4.51 326 5 Exploratory
shot

2610 6.56 1.27 300 9

2614 6.93 2,49 300 it

2618 7.02 2.54 300 1 Note (1)

2619 7.2G 4.42 326 9

2620 7,03 4,42 326 10

262% 6,93 4,42 326 i0

2832 7.14 4,45 326 12

2640 7.07 4,45 325 6 Note (2)

2642 5.42 4.45 326 8 Velocity
Scaling

(1) Sabot cap hit target -- datc did not appear tc be offected,

{2) Included bent flyers to check performance of poor oftachment, etc,
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nesses from 4.5 em Thick Flct Plate Targets Using Dynafax
Model 326 Camera.

targets as shown in Fig, 62. In this case the disk velocity data was obtained
using the Model 300 froming comera,

Figure 63 shows the effects of using disks with iike thickness, but
different thickness-to-diometer ratios. For this particular comparison, the
dato does not indicate a significant difference in perfc;rmcnce due to this effect,
The somewhat larger scatter in the data is related to the grecier difficulties
encountered in following the motion of the smell 316 cm diometer disks during
the film reading.

On these same experiments, two different methods were used to attach
the disk to the target: Dow Curning silicon based high vacuum grease ond East-
man 9‘:0®, a quick setting adhesive with high tensile strength, Over the ronge
of stresses seen in these experiments, the disk performance was uncitered by

ottachment method.
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A standard fly-off disk configuration was selected for the moin experi-
mental program on the basis of the results presenied ahove, The disk size select-
ed was 635 cm in diameter and 250 pm {10 mils) thick since the development
prograom proved the performance of this size and also showed that smoiler disks
were difficuli to follow in the fiim reccrds in some cases These experiments
also demonstrated that the results were reproducible from round to reund with
a scatter of o few per cent, The vocuur: seal grease was used exclusively in the
remeinder of the program, providing e bond of essentially zero sirength,

Tumbling of the disks was observed in some of the experiments, parti-
cularly where the shock wave interacted with the disk ot high angle. The moxi -
mum tumbling rate observed was 6000 radions per second. In that case the energy
stored in the form of rotation was cquivaient to the translational kinetic energy
corresponding to ¢ disk moving at ~10 meters/sec, Rotation rates of this magni-
tude were observed only when the disk velocity was relatively high ( > 150 meters/
second) so thot the error introduced by tumbiing could amount to only o few per
cent as an upper bound. In practice, the tumbling observed in later experiments
on multi-faceted targets was much lower -~ more than an order of magritude less
than that described above -~ such that the effect on the measured disk velocity
was negligible,

Comments regarding the scaling of the fly-off disk results with projectile
velocity and on the effect of the angle of incidence of the shock wave with the disk
upon its performance are contained in Appendix E.

The development experimenis resulted in confidence in the fly-off disk
technique ond well controlied procedures -~ both in the experiment and in the
dota reduction -- for application of this technique to the main experimentai pro-

gram that followed,

Shocl" Arrival Time Measurement Techniques

The second poriion of this phase of the experimenta! effort involved mea-

surement of the arrivcl time of the impact generated shock wave at selected dis-




tances fror the imnact point. The collaction of data at various danthe vialde th
relation between the shock radius, Rs" ond the time, t, known as the "shock tra-
jectory”. As with the other shock property rasasurements, it wos desirable to
measure the shock trajectory os a function of angle off oxis. The shock trajectory
is an interesting quantity since it is one of the fundemental relations pradicted by
certain theoreticai treatments of hypervelocity impact processes., Consequently

an accurate measure of shock trajectory heips to verify the theoretical predictions.
Since rhe shock irajectory is related to the variation in shock speed, it is not as
sansitive @ measure of the shock propagation as is the material velocity or shock
stress,

To be useful, it was necessary fo measure the time between impact and
shock arrival to an accuracy of a few tenihs of a microsecond, in cddition, it was
necessary to be prepared for the existence of an elastic precursor for stresses
below 100 kilobars in some of the materials used, and to insure that the time of
arrival of the plastic front was reccrded. Furthermore, it was essential that the
method used ke relatively inexpensive since many measurements were con-
templated. A: o result, two techniques were developed 0nd used -~ o high volt-
age dischaorge switch employed in the hign stress regime ond a piezoelectric
probe used for the lower stress experiments. Expioratory research was per-
formed on o third, optical technique.

Pin Probes, The primary range timing instrumentation used a Fastax®
streaking comero to record optical signals derived from high voltage disctorges
through small xenor. flash tubes, Other apnlications of this timing system have
already been discussed in Chopter [l and Ref, 35:18-19, In this application, the
*arget was electrically grounded ond an electrode (o "pin") was placed against
the reor surface, but separated from it by 0 127 um (5 mil) thick sheet of My|ar®
insulation, ot the point where the shock wave arrival time was to be monitored,
The pin and targei were then connected to a pulse formirg netvork and power
supply which placed o potentiai of some 500 volts between the pin and target.
®

Shock wave arrival ot the rear surface moved this surface, puncturing the Myler
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and causing an eiectricai dischorge between the pin and the rarget. 1he fast rise
time signal produced was then monitcred on an oscilloscope and, as a redundant
measurement, with the range Fastax® system. The target impact signal was ob-
tained from a foil switch attached directly to the target face (as described for

the x~-ray experiments in Chepter 1il), This signai was recorded on ihe range

®

Fastax™ sysitem and was used to trigger the scopes used to monitor pin probe
signuls.

At high stresses, the rear surface moves at velocities of roughly 0.1
cm/ p sec and the rear surface will contact the pin within less than 0.05 4 sec
ofter the shock wave reaches the rear surface, Likewise the rise time of the
pulse generated by the pin circuit is less than 0.1 usec. The impact switch mea-
sured impact to an accuracy of *=0.05 . sec as indicated in Chapter iil, The net
result is that this system is capable of measuring shock time-of-arrivals to an
estimated accuracy of less than 0.2 zsec not counting whatever erro-s might be
introduced in the recording apperatus,

At lower stresses, two potential problems arise: (1) the wave may exhibit
an elastic precursor whizh could cause the pin switch io close eariy, and (2) the
Mylcr® insulation will offer mechanical resistance to the movement of the target
surface thereby slowing the time response of the system and destroying its oc-
curacy. Tt upplication of this design was therefcre restricted to those experi-
ments where the expected stresses were above approximately 50 kilobars,

The design of the probes is illustrated in Figs, 64 ond 65, They were
manufactured from cloth phenolic and designed such that the pin was held against
the Mylor® insulation by a spring. The head of the "pin" was relatively sharp to
er.sure clean penetration of the Mylar@ . The pin probe was attached to the target
with Eastmaon 910® adhesive, The block diagram of the discharge nin measuring
system for shock wave arrival time is shown in Fig, 66,

Piezoelectric Arrival Time Sensor. A shock wove orrival time sensor

operating upon the piezozlectric effect in quartz was developed for application

at lower pressures (Ref, 47). The probe is a simpie, inexpensive,and easily
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mounted device which produces a reai-time voitage output designed to yield not
only timing information, but a qualitative indication of the normal stress during
the critical rising portions of the stress pulse,

The sensor consists of an X-cut quartz crystal of 0.25 mm th ckness
and 6,35 mm diometer cemented between a flat surface on the target and o short
aluminum rod of like diameter (see Fig, ¢7). “.= ression of the quartz disk
by the shock wave produces a pieroelectric charge separation between the crystal
faces that is proportional to the appiizd stress, The charge rongnitude, Q
(coulombs}, can be computed from the following once the shuck wave has reached
the second surface:

Q=FfAo

n
. . . 2
Where o is the normal stress (kilobars), A is the arec of the crystal fcm™)

- e e . 2
and f the X~direction piexoeleciric constant {coulombs/cm™ - kilotars}. The
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Fig. 67. Piezoeiectric Arrival Time Sensor Cenfiguration,

resultant open circuit voltoge observed by an osc*lloscope whose input is con-

nected befween the target and rod becomes:

_3 _ fAo,
V‘c c

where C is the capacitance (farads) of the crysta! and detecting system,

The sensor produces g finite rise time signal due to the time required
for the shock wave to traverse the arystol thickness, T. This rise time, 3
which represents the fundarnenta! sensor resolution time is then T = 1/ Dg
where Dg is the shock speed in quortz -- in this case 7, was on the order of 50
nsec,

The length of the backup rod dete ‘mines the time interval during which
the pressure pulse can be recorded unarabiguously. The sluminum rod was em-
ployed as the rear electrode of the sensor and, in addition, extended the record-

ing time of the quartz disk. The recording time can be calculated opproximately
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by colculating the double trensit time of the shock wave through the rod, essuming
thct it moves ot sonic velociiy. For the 2.5 cm iong rod used here, the recording
time is roughly 10 pnsec, much longer thon is required o obtain ar-ival time
signals,

As a siress mecsuring device, this sensor yields only o quolitative pic-
ture of the stress variation. Rarefractions from the edges of the crystal, muliti-
ple reflections in the crystal, ond ony cembined stotes of stress that might exist
in the crystal make o quontitative interpretation of the resyits impracticai. In
addition, the exponential leakage of the charge on the crystci through the detecting
circuit limits the occuracy of ony pressure-time measurement -~ although in this
opplicaiion the decay time constont is so lerge ( ~ 10'4 sec) that the leakage hos
little effect.

The production of these sensors was simple and inexpensive, One end of
a:1 aluminurm rod was grourd flat end a quartz crystal was cemented to the rod
with Eastman 9IO® cdhesive, A center conductor of o cooxial cable was oitached
to one end of the rod ond the outer canductor was grounded to the target. The
completed rod and crystal assembly was then cemented to the torget. The crystals
were ob*ained from Valpey-Fisher Corporation, dollistea, Massachusetts, The
cost of materials in each sensor was less than two dollars.

A block diagram of the electrical circuit employed is shewn in Fig, 68,
The signal for triggering the oscilloscopes was derived from a foi! discharge
switch as described previously, A precision fime mark generator (T ektronix
Type 184) was used to provide colibrated timing for each oscilleszope trace. On
each event, one oscilloscope was set up separately, using o fast sweep to measure
precisely the time betweer the impact signal and tha first time mark, Typical
senscr records are shown in Fig. 69, Reading accuracy for these records depends,
of course, on the sweep speeds used in a given experirent. The occuracy was
generally abcut 1% of full scale on the oscilloscope plus the response time of the
sensor,

Optical Fiber Sensor. One additional shock arrival time measuring tech-

—r—
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Fig 69. Record of Quartz Arrival Time Sensors, Round
2857. Sweep Speed | usec/cm with 1MHz Time Marks.
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nique was investigeted and pursued to the point where practical opplicaiion is

promising. This parficular technique was, however, developed so late in the pro-

NPETETETY v Ti¢

gram that it was used on only two experiments, The technique 1s represented

E schematically in Fig. 70. One end of an optical fiber is illuminatec with o strong

! | light source while the other end is viewed with a streck camerc. The light source
ic pulsed tc avoid rewrite on the camera record, The center portion of the optical

fiber touches the target surface where an arrival time measurement is desired

TIPSy

and is backed by 3 knife edge. Rear surface motion on the target severs the fiber,

extinguishing the light on the end viawed by the streak camera, Impact time is

MRIAN abints

recorded directly by another fiber viewing the impact flosh and monitored by the

streak camera in the same maoner as the prob: fibers.

In principle, this technique is cooable of measuring the arrival times

TR TR

guite accurately -~ to better thon 0.1 usec. Several proctical problems, howaver,
prevented successful application to this study. The major difficulty v.os concerned
with the control of the intensity of the light transmitted through the fibers., A

¢ record ob tained during on impoct event (Round 2837) is shown in Fig. 71. Agree-

but not recliy satisfactory. The discreponcy is appcrently due to the lack of con-
tro! over ihe intensity of the light from each fiber ~- resulting in bloeming or fod-
ing on the streck record, The use of glass instead of plostic fibers and increased

menufocturing quolity contrel could hopefully aileviate these difficulties,

; Muiti-Faceted Targets
- The bulk of the experiments in this series were performed ot pressure
levels where fly-off disks wera required to obtain relicble peck rear surface

= velocity measurements. in this case, it was necessory to provide targets with

flot surfaces at the point where the disk (or arrival time probe) was to be mount-
ed. Each target was designed such thot the distance from the nominal impact

. point to ecch of the flattened rear surfaces was eauol. Surfaces were provided ot
selected ongles off oxis so that the angular variotion of surface velocities and

arrival times could be determined,
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Fig. 70. Optical Arrival Time Sensor Concept,

Slash Tube(impact)

t——s Steady Source T

— \\
Fig. 71. Optical Time-of-Arrival Probe Streak
Record. Round 2837.
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The target design is shown in Fig. 72. For the smaller radius targets

halubdtl

only three fasets were provided at the indicated angles because of the smoll
width of the focet ot these sizes, Each facet was machined porallel to the long

axis of the terget and for the cumplete length of the terget to ollow the framing

T AT P TTY

i cameras an unsbstructed side view of the disks.

3 This design ensures that the shock wave impacts each free surface ond
disk normally, provided the actual impoct is near the neminal impact point. Tor-
gets with three facets were used for those tcrgers with radii betwsen 1.45 cm ond
1.9 cm. Targets wish five focets rongad in radius from 1,75 cm to 10.8 cm, pro-

viding some overlop with the three-focet design.

A

3 The target in Fig. 73 is shown citached to o mounting plate which is in-
stalled vertically in the range. The projectile impacis the front of the target

through ¢ 7.8 cm diamater hole in the mounting plate, After installation, the light

NERAR AR OS M

o e

gas gun was aligned with the nominal impact point marked on the target front en-

suring impact near that point, The detcils of determining actual distances from

AL AN
ey e

3]

¥ the rear impact point to the point of rear surface mecsurement are described in
Appendix C,
Also shown in this photograph are the installation of the fly-off disks «nd

TP

T
PR -

quartz arrivol time sensors on =ach facet, Bafore installation of these devices,
the rear surfoce was prenared by carefully polishing ond cleaning the arec where

the sensors were to be attached, The fly-off disks were prepared from sheet

T R PR RO TSI RTASY

aluminum with a sheet metal punch. The disks were then flaitened in o custom
E built die. Finoily the disks were polished by hand, yielding o flat. smooth surface.

A micrometer was used to sample the thickness of the disks, ensuring that their

TEUT T

thickness remained 250 ,m =20 .m. After attachment, the positions of the

disks and orrival time sensors were carefully measured and recor-ed.

Since the three-faceted targets were rather small and a clos»!, con-
trolled impact point was desired, these targets were instolled in the small
target tank on the AFML Hypervelociiy Ballistic Range in a manner cimost
identicol to that described eariier in this chapter for the split cylinder targets
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Fig. 73, Photograch of 5-Facated Target With
Sensors Attached.

110




TIT

WYTITYY T

oy * — PP _ .- .Ra_e _ L} £ ad _ & t_1 DNAN
rUITing COmeru recorus were gopruinceg mom me voaet vy

4

-

cameia, The light source and velocity meosuring x-ray sources were triggered

by a foil switch placed on the rear of the sabot stopping plate. Framing camera
records of the incoming projectile were used to check the x-ray measurement of
projectile velocity and to determine the vertical component of the impact coordinate
ot the target face. The impact coordinates were also cbtained by measurement on
the target after impoct -- medestly accurate determination of the impact point

(£=2 mm) could be made even on completely penetrated targets. Errors in these
measurements undoubtedly contributed to the scatrer in the daio from these targets,
A ivpical sequence of frames irom the Model 300 camera is shown in Fig. 74,
Fly-off disk ond arrival time experiments were performed separately on these
targets to avoid crowding the target reor and creating interactions between the

two types of macsura.nents,

For the larger five-faceted targets, the experiments were mevad back to
the main target tank and set up in a geometry as shown in Fig. 58. The choice of
comera-light source combination employed depended, of course, upon the radius
of the target installed.

The framing camera setup ond arrivai time sensor instrumentotion for
these experiments has been described previously. A foil switch directly on the
target face provided o trigger signal for the comera light source and for the ar-
rivol time sensor instrumentction. The impact peint was determined by direct
measurement on the recovered tarzet (see Appendix C). Projectiie velocity was

®

measured on the stondard range Fastax~ system,

Summoary

The decay of the peok shock wave normal stress generated by hyper-
velocity impact is of grest importance in understanding the impact dynamics ana
effects of materiol strength os weil os deterrnining the validity of numerical =al-
culations of impact events., Two techniques have been developed for measuring

peak free surface velocity -- ond consequently Hugoniot stress -- as o function

1




Fig. 74. Round 2779 Photo Sequence of Fly-off Disks
on 3-Faceted Target,

of distance from the impact point and angle off the target oxis {projectile trajec-
tory). Direct measurement of the rear surface motion of ¢ “split-cylinder"” tar-
get was employed when expected stresses were greoter than approximately 50
kilobars. At lower stresses, thin "fly-off disks" were attached to the target rear
surfoce. The velocity imparted to the disks by the shock wave interaction then
yielded ¢ measure of the peak free surface velociiy. In each case high speed
freming comeras were employed to measure the velocity of the particles in
question,

In addition, two methads were developed for determining the time between
impact and arrival of the shock wave at a given point on the target. One method --
the pin probe -- employed a high voltage discharge through an insulating sheet
penetrated by the shock wave to prodice an arrival signal. The second technique
-- a quartz piezoelectric sensor ~- yielded a direct, active voltage signol that
corresponded to shock orrival time. These arrival time sensors were employed

in experiments to determine the shock wave trajectory, R$ vs t,
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VI. Shock Propagotion -- Experimental Resuits

The experimsnta: techniques described in the previous chapter hava been
apnlied to a study of shock wave prepaaction in three aiuminum clleys, Major
emphosis was placed in measuring the p2ak norma! stress across the shock
front through measurements of free surface velocities or fly-off d:sk veiocities
as apprepriate, Considerable success was achieved in this endeavor, Secondory
effort was placed upon measurement of the shock trajectory using time-of-:+rivol
probes. The remainder of this chopter presents a description of the experirnenval
progrom, the results obtained, ond a discussion of the results. The comparison

| of the results with hypervelocity impact theory is contained in the foliowing chopter,

Experimental Program

The prirary experiments, those involving measurements of peak normal
stress, were designed to study the effects of material strength upon the shock

' propagation and to explore the variation of stress as a function of angle off oxis.

Neither of these feutures of a normal hypervelocity impact has received sy stematic
experimental study before. Only with the advent of the numericul techniques that
include strength terins in @ two--dimensiona! geometry as described in Chopter I
has it even been possible to calculate these effects -~ and these numerical tech-
niques are a -elativzly recent development, dating from about 1965 in their early
forms. The experimental dato obtained here provide a realistic test of the ability
of these numerical techniques to predict impact results,

The results of the cratar growth experiments presented earlier provided
data on the effects that occurred in the region of the crater o:nd provided several
useful comparisons with numerically generated resuits. The data described in
this chapter yieids analagous information on the behavior of the material in
regions far removed from the crarer where the shock wave prepagated anay
fiom the impact point at high speed. The combinaticn of both: types of resuits

provides a more complete et of experimental impact data,
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&
studies of chock wave propegetion in scli

Previous
dimensional conditions creoted by hypervelocity impact have been performed
by Charest (Ref, 13) and by Billingsley (Ref, 14), Charest used techniques
similar to those emp.oyed here to measure the on-axis normal stress in 1100-0
aluminum torgets, Billingsley obtained limited stress datc in 6061-T6 aluminum
as well as other metals using only measurements of free surface velocity, The
lowest stresses he could accurately monitor were therefore restricted by the
technique employed. The emphasis in his study wos on the very high stresses
ond the comparison of ihose data with numerical, pure hydredynamic calculations.
The present siudy extends the available data over a wider range of stresses for
a wider variety of alumirium alloys in: oddition to praviding off-axis data, It
is hoped also that the refined experimental techniques used have reculted in an
improvement in the accuracy of the data produced,

The experimental program was performed at the AFML Hypervelocity
Bollistic Range and consisted of over seventy successful rounds on the light-gas
gun. All experiments were conducted with a nominal projectile velocity of
7.0 km/sec clthough actual projectile velocities ranged from 5,8 km/sec to
7.3 km/sec. In each case the projectile was a 0.635 cm diometer sphere of
2017 cluminum alioy. Three aluminum alloys were selected for target materials
on the basis of their widely varying strength properties and the availabiiity of
quality material: 1100-0, 6061-T4, and 7075-T6. The nioperties of these maierials
have been described in Chapter !ll in conjunction with t+2 crater growth experi-
ments (Table 11). The experiments conducted in this portion of the program cor-
respond to Cases 1, 6, and 8 of the crater growth experiments. Whenever the
target configuration and available equipment would allow it, both stress and
time-of-arrival experirnents were performed on the same round. Those experi-

ments ihat yielded data are listed in Table VI,
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"? Table ViI

3 Tabulation of Shock Propagation Experiments

k. Target Projectile  Instru-

3 Round Target Target Radius Velocity  mentation

3 Number Material Type (cm) (km/sec)

3 2719 1100-0 5 4.00 6.95¢ D-D

: 2720 1100~0 5 4,00 6.30 D-D
2726 1100-0 C 1.60 6.92¢ FS

| 2728 1100-0 C 1.60 6,95 FS

K 2729 1100-0 C 1.45 6.89 F$

il 2730 1100-0 C 1.25 6.82 F$

1 2733 1100-0 3 1.60 6.17 D-300

-‘ 2734 1160-0 5 2.50 6.53 D-300
2750  7075-Té6 C 1.00 6.09 FS
2752 7075-Té C 1.45 6,09 FsS
2760 7075-T6 FP 1.25 5.80e FS
2763 1100-0 FP 1.25 6.56e FS
2766  7075-Té6 C 1.60 .75 Fs

; 2767  7075-T6 C 1.45 6,67 FsS

| 2769  7075-Té C 1.25 6.80 FS

‘ 2772 6061-T6 C 1.60 6.98 FS

} 2774 7075-T6 C 1.00 6.71 FS

E 2775  6061-Té6 3 1.75 6.77 D-300

E 2776 6061-Té6 3 1.90 6.92e D-300

E 2777 7075-% 3 1.90 6.77 P-~300

3 2778 7075-Té6 3 .75 6.56 D-300

£ 2779 1100-0 3 1.90 6.80 D-300

(- 2780 1100-~0 3 1.75 7.0° D-300

2781 7075-Té FP 1.25 7.0te FS

i 2784  7075-Té 3 1.90 6.80e ET
2785  4)61-T6 3 1.90 7.05 ET
2787 7075-Té 3 1.75 6.71 ET
2789 8061-Té 3 1.75 6.68 ET
2791 1100-0 3 1.75 6.7%e ET
2796  6061-T6 5 1.75 7.05 D-300

i15




i Table VI (Cont'd)

] Target Projectile |
3 Round Target Taorget Radius Velocity nstru-.
Number Materiai Type (em) (km/sec) mentation

2797 7075-Té 5 1.75 6,98 D-300
2798 1100-0 FpP 1.25 6.70 FS
2799 &061-T6 5 2.50 7.0le D-309,QT
2801 7075-Té 5 2,50 6.46 D.300
2804 7075-Té 5 4,00 6.70e QT
2806 8061-T6 5 4,00 6.70e QT
2807 1100-0 5 4,C0 6.46 QT
2809 1100-0 5 4,00 6.77 D-D, QT
231 1100-0 5 4,00 6.99 ET, QT
2815 1100-0 5 2,00 6.74 QT
2817 1100-0 FP 1.25 6.35 FS
2818 1100-0 5 2,50 6.89 D-300
2820 1100-0 C 1.60 6.19 FS
28 7075-Té 5 3.00 6.85 Q7
2822 7075-T5 5 2.00 6.98 D-300, QT
2823 7075~-Té 5 8.00 7.00 D-D
2824 7075-T6 5 8.00 6.95 D-D, QT
2825 7075-T6 5 6.00 6.41 D-D
2826 7075-Té 5 10.00 6,71 0-B, QT
2827 7075-T6 3 1.60 7.10 QT
2828 &061-T6 5 3.00 6.31 QT
2829 6051-T6 C 1.45 6.46 D-300
2831 7075-T6 C 1.60 7.10 D-300
2932 7075-T6 5 3.00 6.95 - a7
2833 1100-0 3 1.45 6.52 QT
2834 1100-0 5 3.0 7.12 D-300, QT
2836 1100-0 5 10,00 6.45 D-p,QT,0T
2837 8061-Té 5 6.00 6.26 D-D,QT,0T
2838 6061-T6 5 10.00 5.93 D-D, QT
2842 6061-T6 5 8.0C 5.89 QT, o7
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Table Vi {Cont'd)

Round Target Target Tor?et Pr0|ec.t e Instru-
Number Material Type Radius Velocity mentation
yp (cm) (km/sec)
2851 1100-0 5 5.00 6.43 D-D, QT
2854 7075-T6 5 5.00 6.61 D-D
2857 7075-16 5 4,00 6.45 QT
285° 7075-Té 5 4,00 6.44 D-D
2860 1100-0 5 8.00 6.77 D-D
2863 6061-T6 5 8.00 6.70 D-D
2864 1100-0 5 6.00 M D-D, QT
2865 6061-Té 5 4,00 . 2 D-D, QT
2867 1100-0 5 3.25 6.67 D-300
2869 7075-T6 5 3.25 6,89 D-300

e -- Estimated projectile velocity.
D-D -- Fly-off disks measured with Dynafox framing camera.
D-300 -~ Fly-off disks measured with B&W 300 comera,
ET -~ Electrical pin time-of-arrival probes,
QT -- Quoriz time~of-arrival probes,
OT -~ Optical fiber time-of-arrival probes,
FS -- Free surface motion measured with B&W 300 camera,

Target Type: 5 -- Five faceted torget,
3 -- Three foceted target,
C -~ Split cylinder target,
FP -~ Flat plate target.
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Stress Measurement Results

Over 240 data points were obtained from either direct measurements of
free surface velocity or fly-off disk velocity employing the techniques described
in Chapter V. The experiments emphasized obtaining data on the two aluminum
alloys 1100-0 and 7075-T6é which represent the lower ond upper bounds of strength
properties for the availatle maoterials. Somewhat less complete data was obtoined
on the 6061-T6 alloy which has intermediate strength properties,

For each alloy, the disk velocities were measured at five different nominoi
angles, 0°, 250, 400, 55° and 700, with respect to the trajectory (oxis), Actual
impact points did not generally correspond with the nominal impact point, hance
a distribution of angles was actually achieved,

The measurements of free surface velocity taken from the spiit cylinder
targets were made at a variety of engles, The data for each alloy has been broken
into five angle ranges for presentotion. The ranges were determined by the
actuai angular distribution of the data and by consideration of the nominal
angles. The ranges are: (1) 0° - 17.50, representing points nearly directly be-
hind the impact point; (2) 17.5° - 32.5%; (3) 32.5° - 47.5°; (4) 47.5° - 62.5°; and
(5) 62.5° - 90° with the nominal argles lying roughly in the ceniers of these
ronges,

The method for calculating stress from the measured disk or free surface
velocity and the assumptions employed in these calculations are discussed in de-
iail in Appendix G. It consists essentially in assuming that the disk or surfoce
rasponds ultimately to the peck normal stress and in emoloying the velocity
doubling rule, i.e.,that the free surface (or disk) velocity is equal to twice the
material velocity (VFSEZU). The aluminum Hugoniot deto required for the cal-
culation was obtained from Ref, 48 which also corresponds very closely to the

Hugoniot dota used in the numerical calculations to be described in Chapter Vil.
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Presentation of Results. Each experiment was designed such that the

nominal projectile velocity would be 7.0 km/sec and so that the expanding shock
front (assumed spherical) would strike the free surface or disk where measure~
ments were being raade ot normal incidence (i.e. the incidence angle, 3,
between the shock front and rear surface being zero). in no cose were the
nominal conditions achieved exactly. Every data point presentad below was
corrected for these deviations from nominal performance by means of the
scaling relation

Ve = (v‘;s /cos & } - (3.471-0.353 vp)

scaled measured

where vp, the actual projectiie velocity, was given in km/sec. This scaling low
is largely empirical and is explained and justified in detail in Appendix E. The
fow is beiieved to be quite accurate over the small ronge of the variables em-~
ployed in this study.

Measurement errors con crise from a variety of sources. While most

of these sources have been discussed previously, the major ones are summarized
here for comparison:

a. Impact Point. Can be determined to about .03 cm in large targets,
but to only about 22,05 cm in smali torgets where significont de-
formation of the whole target occurs. For the split cylinder targets,
impact con be determined to approximately = .1 cm,

b. Impact Point to Reor Surface. A physical measurement that can be

made to on accuracy of about =0.3 mm,

c. Framing Camera Speed. Accurate to =<1 count, amounting to a

percentage error varying from ==0.1% to = 0.03% depending upon
the comero speed,

d. Disk or Free Surface Velocity. Accuracy varies depending upon

image quality, trav.| distance, camera speed, etc, An rms error is

119

R




T q-,mmﬂ:w

TORY

AT

TV IO

cornouted in the data reduction program and varies from ahout=0,5%
to over ~10% depending on circumstances, This rms error is re-
ported for each data point in Appendix F,

e. Camera Magnification. A polential systematic error estimated to

omount to approximately 1.5% for those films taken with the B&W
300 camero and approximately 2% for films taken with the B&W 326

cameraq,

bt ]
.

Conversion of Free Surface Velocity to Stress. Less thon 1% --

see Appendix F.

The dota obtained is shown in graphical form in Figs. 75 through 89 dis-
playing both free surface velocity (or disk velocity) versus shock raodius, Rs’ ond
peak normal stress, o s versus shock radius for the three aluminum alloys in
five angle ranges. The detailed data from each round are included in Appendix
F. Estimoated errors have been calculated for several data points based upon
the above sources and are shown in Fig. 75. These con be considered typical
for the bulk of the dota presented in the remaining figures.

Velocity-Distance Relations, The most obvious feature of the data i< that

the measured free surface or disk velocity decreases exponentially with increas-
ing distance into the target and that the decay law changes sharply ot some dis-
tence lato the target which varies with the target material. This behavior is
emphasized by the straight lines shown on each plot of velozity versus Rs‘ In
each case the straight lines were obtained from o least squares fit to the daitin
the region indicated, The consistency between all the sets of datu is startling and
strongly emphasizes the essential correctness of this dual decay law behavior,
The change in behavior of the decay law is believed to be ossociaiad with release
wavee generated in the region of the crater, The different position of this knes
in the curve for different olloys indicates thot the effect is alsc materisl strength
dependent, i.e.,*hat non-hydrodyramic attenuation is vecurring ot this point, This

aspect of the data is discussed in more detsil later in this chepter,
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If the velocity~distance relation is expressed in the form

b
st = ORS

then each set of dota can be characterized by two sets of the constonts a and b,
each set opplying to one section of the decay curve, and by the specification of
the value of Rs ! which the tronsition between the two decay laws takes place,
This decay lovs data is shown in Tabie Vill, The purometer b_specifies ihe siooe
of the decoy curve ord is the most important pcramster in these relations,

in the angle range 0 - |7.5°, the dato indicates similar behavicer for all
three alloys for those portions of the curve corresponding to the higher free
surface velocity; consequently the curve was derived from a cornposite of the
data from all three clloys in this angle range, In this free surface velocity
regirnse, the cor;’esponding peak normal stresses are quite high, ronging from

20 kbar to over 200 kbar, Therefore, it is not surprising that the three alloys
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behave alike. The overail response of the materials is dominated by the hydro-
dynamic bahavior -- and the strength properties of the different alloys do not
affect hydrodynamic behavior,

In the ongle ronge 17.5 - 32,5 degrees the dotc indicate thot the some
phenomenon is also cccurring, To within experimental error, the siopes of the
lines are same for all three alloys again and the curves shown were derived
from datat .n from cll three olloys, For the remaining angle ranges, the data
is consistent with nearly identical behavior by all three alloys in the upper pres-
sure range, but there is insufficient dato to be conclusive, In these remaining
cases, the curvis were derived separctely (whenever sufficient data was avail-
able) for each ailoy and angle range,

The Hugoniot relation between the stress and free surface (or disk)
velocity is sufficiently non-linear that some curvaiure con be seen in the stress-
shock radius plots, especially in the higher stress ronge. Up to a stress of rcughly
50 kilcbars, the free surface velocity-stress relation is nearly linear, Consequently
the iog-log plots relating peak normal stress to shock radius yieid straight lines
in the lower stress ranges. The slope of this line is ideniical to that given in
Table Vil (the constont bz) for the velocity-distance relations,

As on olternative, it is possible to obtain straight line fits to the log
stress-log shock rodius data, Relatively small differences in the curves result
if this approach is token. In any event, it does not appear possible to make a clear
choice of the two curve fitting opproaches on the basis of the available data, The
choice of the linearized log velocity-log shock radius relations use wes quite
scbjective and based on the opinion that slightly more consistent results were
obtained. In addition, the dick velocity is the measured quantity, while stress
is a derived quontity here,

Variations With Off-Axis Angle. It is o common observation that the shock

wave produced by a hypervelocity impact exponds from the source in a nearily
spherical manner, e.g., see Ref. 11, Emgirical observations, such as spall

effects, also indicate that the stress in the expanding shock front must be a
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Velocity-Distance Decay Law Parometers

Veo (ker./sec)= oRsb

Off-Axs Est Approximate . Est
‘IA“:;;:(:: Angle Multiphier Exp:nent Exponest R, (cm) at Multiplier Exp:nent Exponent
oy Range {deg) | 1 Variance Transition L2 2 Variance
11v0-0 0-17 5 0. 345 -1.335 9. 027 4.8 6.990 -2.267 0.031
17.5-32 5 G. 304 -1.306 0. 062 4.8 0.975 -2.312 0. 047
32.5-47.5 0.278 -1. 346 0. 035 5.0 1.191 -2.63% 0. 090
47.5-62.5 0. 107 -1.305 0.092 5.1 1.517 -3.222 0.086
62.5-90 0.176 ~1.587 0.178 - - - -
©v061-T6 0-17.5 0. 345 -1.335 0. 027 2.6 0. 660 -2.075 6.972
17.5-32 5 G. 304 -1.306 0. 062 2.5 0.602 -2.037 0.038
32.5-37 5 - - - - 0,549 -2.035 C. 143
47 5-62.5 - - - - 0.513 ~2.122 0.178
62. 5-%0 - - - - 0. 257 -2.142 0. 094
7075-To 0-17.5 0. 345 -1.335 0. c27 2.5 0.579 -1.922 0. 062
17.5-32.5 C. 304 -1.306 0. 062 2.6 0.570 -1.943 0 066
32.5-47.5 0.211 -1.157 0.232 2.5 o c73 -1.960 n.{70
47.5-62.5 D 215 -1.416 0. 147 2.2 0. 245 -1.8G3 i09
62.5-90 - - - - 0.317 -2.623 ¢. 180

relatively slowly varying function of angle off oxis. These facts form the basis
fer attempts to sinplify analyticel studies of hypervelocity impact cratering by
assuming that the problem has a one-dimensional spherical geometry, Tl.s
suggests physicaily that a hypervelocity impact into a thick target is equivalent
to a sudden, confined energy release in a small region of an infinite medium.

Using this type of assumption Rae (Ref. 18) oppiied point source blczt
wave theory to studying the hypervelocity impact problem. His approximote
methods for soiving the syrnmetric problem are discussed in Chapter Vii. In
addition, he explored the effecis of csvmmetry (i.e. the existence of the fres
surface ot the target fore) and showed that, for this approximate theory, the
variations in shock variables such as peak pressure off axis had only a minor
effect on thuse same varicbles measured on oxis,

Physicaliy, it would be expected that the moximum peck norrnci stress

would oceur or _«is, that the stress would decrease slowly with increasing
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angie off axis, and that it weuid then drop more rapidiy to zero os the region

of the free surface is reached, This general trend i< confirined by the data
obtained here -- see Fig. 90 which compares the results of the experimental
data reported earlier for 1100-0 aluminum for the various cngle ranges and

Fig. 91 which makes the some comparison for the 7075-Té alloy. These rasults
indicate that the velocity decay (or stress decay) does not chenge with angle in
the higher stress region to within the accuracy of the experimental data, although
the absoiute velocity {stress) does drop in about the expected way as a function of
angle off axis, In the lower stress range, the magnitude of the curve varies with
off~axis angle in roughly the same manner as before, but here the stress

seems to decay at o higher rate as the off-axis angle gzis large. There was not
sufficient experimental dato obtained to determine the desired decay cuirves for
the large-angie cose (~70° off-axis) for 11G0-0 aluminum or for the high stress
range of the 7075-T6 aluminum. The individual dato points actually obtained are
plotted, with several typical error bars, to illustrate that the data foilows the
qualitstive trend discussed,

The voriation of peak normal stress {(normalized to the on-cxis volue)
with ungle is shown in Figs. 92 ond 93 for three shock radii, 2, 4, and 8 cm
for 1100-0 and 7075-T6 cluminum targets respectively. The approximate curves
drawn through the data points show the type of behavior discussed earlier., The
disk velocity (or peak stress) veries only a few percent from its on-axis value
out to off-oxis angles cs high as 25-30 degrees. The stress then drops smoothly
with increasing angle to zero at ninety degrees which corresponds to the free front
surfcce. '

An anomalous behavior is displayed by the data from the 1100-0 aluminum
ot a shock radius of 8 cr. when the stress decreases towcrd zero with increasing
angle very suddenly ot about 40 degrees. This peculior behavior implies that the
stress decay rate changes with the angle off axis ot large shock radii., One ex-
plonation is thot rurefaction waves originating along the free: front surface have

overtaken the shock wave by this time ond are creating further ottenuation, it is
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Fig. $2. Variation of Normalized Surface Velocity with Angle
Off Axis for Three Shock Radii in 1100-0 Aluminum.
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Fig. 93. Variaticn of Normalized Surface Velocity with Angle
Off Axis for Three Shock Radii in 7075-T6 Aluminum,
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not clear why the other ailoys do not show this behavior,

Previous Experimental Results

Results of Charest. The earliest direct measurements of stresses from

hypervelocity impacts into a metallic target were those obtained by Charest (Ref,
13) who used a fly-off disk technique similar to the one described in Chapter V
to abtain the measurements, All impacts were 0,476 cm diameter aluminum
spheres into 1100-0 aluminum targets at a velocity of aporoximately 7 km/sec,
ond only on-axis measurements were made, For years, this has been the only
direct experimental data on stresses in o metallic target available to researchers
for correlation with theoretical or analytical studies. Charest's date has been
scaled linearly with size fo the nominai 0.635 cm diameter projectile used here
and has been scaled with projectile velocity to the nominal 7 krn/sec in accordance
with the procedure of Appendix E. The scaled results are compared with those
obtained it this study in Fig, 94,

The ogreement is quite good, especiaily at the higher stresses. In the
shock radius range of 2.5 < Rs< 5 ¢cm, Charest's data tends to fall slighrly
lower than that obtainea in this study, The net result is that the change in slope
of the stress decay curve reported here is not apparent in Charest's data, The
consistent results shown earlier for various angles with respect to the trajectory
covering three separote aluminum alloys strongly substantiates the conzlusion that
the knee in the decay curve actually exists, Charest's results are consistent with
the curve of Fig. 94, but displcy more scatter thon the data from which the curve
was derived,

Bosed upo. his dota, Charest derived the following expression for the

decay of the peak normal stress, o, : _
Rs 1.6
= -2 >
o, [og = 1.234 Rso for Rs 21,14 Rso
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extraopolating this eguation to the point at which =

Expressed in the same form, the results of this study are as shown in

Toble IX. For these sxperiments, ¢, = 982 kilobars and chz 0.3175 em.

H

g = @, e
n H

is the one-dimensional Hugoniot pressure at impact, and Rso(=d/2)

To derive these decay laws, the experimental dota renorted eariier (Figs. 75, 80

and 85) was converted to log stress versus log shock radius ond straight lines

were least squares fitted to these daia points over the various ranges of interest,

For the lower stresses, the results (i.2. the exponents) compare closely with those

obtained in Tabie Vill. For the higher stresses, the increasingly non-linear re-

lation between disk (or free surface) velocity and peak normal stress feads to o

slightly altered exponential decay law. The resuits of Table ViH displaying the
velocity versus distance decay law is preferred here over the stress versus

distance decay low since the former appears to be the more tundumental quonti
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Tabie iX

On-Axis Stress Decay Laws

1100-0 Aluminum

-1.464

(e/e)=LN6R/R_) 21 < (R /R_)<151

-2.303

[/ g = 3 ¢ <
(o /e)=-1.39 (R /R_) 15.1<(R_/R_) <3

6061-T6 Aluminum

~1.464

(o / q)=1116 R/R_) 3.1<(R/R_)<8.2

2,132

= { <
(o/ o)=454 R /R_; 8.2<(R_/R_)<3I

7075-T6 Aluminum

~ o -1.464 .

: ( an/ aH)—-l.llé (Rs/Rso) 3.]<(R5/Rso,<7.9

-3 _ -1.975

| (o / 9)=3125 R /R ) 79<R/R_)<31

: Results cf Billingsley. Mare recently Billingsley (Ref, 14) reported or-

axis measurements for the impact of Gluminum spheres onto 6061-T6 aluminum
3 fargets, He obtained two sets of data, one involving 0.476 cm diometer projectiles
with @ nominol velocity of 7.32 km/sec, the other using 0.635 cm diameter pro-
jectiles with a nominal velocity of 7.63 km/sec, (Billingsley also obtained data
for impacts into 6051-Té and 2024-0 aluminum ot impact velocities of 4.42
km/sec ond 1,52 km/sec respectively as well as data on copper onto copper
impacis at 6.1 km/sec, Not being of direct interest here, this odditional data

will not be discussed.)
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The fechnique empioyed by Biiiingsiey wos to measure directiy the rear
surfuce velocity of the flat plate target with o high speed framing camera. This
procedure is valid for relatively thin targets, but ot some point the strength of
the material will retard the rear surface motion and destroy the volidity of the
experiment, In this study, experiments with fly-off disks showed clear separa-
tion between the target rear surface and the disk for shock radii as srnall as 1.75
cm. It therefore appears unlikely that the procedure emgioyed by Billingsley
can yield valid dato for shock radii of greater than about 2 ¢cm for a 0.635 cm
diameter p- ojectile. Applying linear size scaling to adjust the 0.476 cm pro-
jectile diameter data to the nominal 0.635 cm diameter, and npplying velocity
scaling in accordance with Anpendix E, a portion of Billingsley's data is pre-
senied in Fig. 95 along with the on-axis 6061~T6 aluminum alloy data obtained
here and presented earlier in Fig. 80. A plot of all the 6061-T6 aiumintim on-
axis data on a different szale is shown in Fig. 96. In ench cose the curve is
obtained from the decay low data of Table VIii,

For Rs< 1.0 em, Biilingsley's dato a;;rees well enough with the expecied
behavior of the decay curve, while for Rs > 2.5 cm the agreement with the results
of this study is fair, with Billingsley's dsta tending to fali below the decay curve
meosured here, This is as exrected, since his measurement technique should
lead to low results or these shock radii. In the middle region, 1.0 ecm< R$< 25
cm, where the results should be at maximum accuracy the agreement is ot its
worst, The agreement with Charest's data is no better, Billingsley notas this
lotter difference (Ref. 14:8) and attributes the difference to material strength ef-
fects, The data obtained in this study on the 6061-T4 oluminum refute this inter-
pretation and indicate thet ot least this portion of Eillingsley's doto must be re-
evaluated,

Billingsiey also reports the results of several numerical colculations
corresponding to his experiments performed with « pure by dirodynamic (no srrength)

formulation, Tliese results will be discussed in Chapter VII,
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Effects of Material Properties on Stress Attenuation

The effect of material strength upon the propagaticn ond attenuation of
stress waves was of prime interest in this portion of the experimental program.
Little experimental work on this subject has been accomplished previously in
hypervelocity impact studies although considerable work has been completed in
one-dimensional (plate slap) impact research, In the following section the results i
obtained in this aspect of the study are described, some of the implications of g
previous one-dimensional research are discussed, and finally an attempt is made
to explain some of the effects avident in the two-dimensional hypervelocity impact
case,

Stress Attenuation Results. For discussion purposes, curves derived

from the experimental data presented earlier in this chapter {Figs. 75 through
89) are given here again in a form more convenient for direct comparisen of :
the behavior of the three aluminum alloys. The curves derived from on-axis-data
are shown in Fig. 97, while the curves for 250, 40‘:: ond 552 off oxis are shown in
Figs. 98, 99 and 100, respectively. Although the data is less reliable and exists
for only the 6061-T6 and 7075-T6 alloys, the information for the 70° off-axis
case is also shown in Fig. 100,
rhe main features of the stress decay are quite opparent for eoch alloy
and show considerable siimilarity in the decay behavior for the various off-axis
angles, In each case, the stress shows two distinct regions of different rotes of
stress attenuation. In the upper region where the stresses are relatively high,
the behavior appears to be hydrodynamic in the sense that the decay for the three
alloys is identical to within experimental error, As mentioned previously, the
curves in the higher stress region in Figs, 97 ond 98 were derived from a com-
posite of data from all three alloys. At the higher angles (Figs. 99 and 100) there
was not sufficient data to justify this procedure and only the results of the data

okbtained from 1100-0 aluminum are shown,
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At G specinic shock radius which dogs nof changé 45 G funciion ©
off exis {fu within experimental accuracy) there is a distinct change in the snape
of the decay curve for each alloy. Beyond this knee in the curve, the attenuation
rate is then larger for each clioy, being greatest for the soft 1100-0 alloy ond
smallest for the very hard 7075-16 aluminum, [t would oppear, therefore, that
the experimental data shows significant non-hydrodynamic behavior in the at-
tenuation of the shock wave produced in aluminurn by o kypervelocity impact.

The effects of variation in the cngyle off axis, briefly discussed before,
are quite evident in the experimental data, The net effect appears to be simply
c shift (lowering) of the curve on the log-velocity/log-shock-radius plots as the
off-cxis angle is increased, To first order, the decoy rates observed (the siope
of the curve) do not change with increasing angle for the 6061-T6 and 7C75-76
alloys, but show a rather substontial increase with increasing ongle for the
1100-0 alioy.

Several possibie sources of error have been examined to ensure thot the
above phenomena really exist and are not simply created by the experimental

methods:

a. Instrumentation. At o target thickness of approximately 2.5 cm, o

transition was made from the use of the Model 300 camera fo the
Dyncofax Model 326 comera for measuring the fly-off disk velccity,
There wos a region near RS = 2,5 cm where there was overiup in
the comera coverage and the results were consistent, The use of
two cameras couid not account for the knee in the curve for the
1100-0 alloy since only the Dynafax comera was used in the region
of Rs='- S5cem.

b, Esxperimental Error, It is possible that scotter in the experimental

data coupied with the error associated with each data point might
lead to the behavior shown, This is highly unlikely. The errors os-

sociated with each data point, narticularl; ot the lower pressures,
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are substontiaiiy smaiier than the differences in the curves noted.

Likewise, the scatter of the dota in this region is small and has been
taken into account, at least portially, by the statistical technique used

3 to derive the curves. The consistent behavior between the data taken

3

E at various angles -~ which constitute essentially separate experi-
] ments -- also speaks strongly against random errorc in the doto
3 ieading to the observed behavior.

E c. rly-Off Disks. The performance of the fly-off disk technique in

the presence of a two-wave structure (i.e., on elastic precursor) has
been questioned. This subject is treoted in Appendix D and the twe-
wave structure was found not to significantly affect the fly-off gisk
velocity. Likewise, spall in the target will not affect the measurement
of peak rear surface veiocity by the fly-off disks since no tensile forces
can be tronsmitted across the target-disk interface,
Bosed on these facts, it is felt that the experimentai data obtained and
the method used to present that data here represent an accurate portrayal of the
true attenuation of the peak of the stress waves as they propagate into thick
aluminum targets, !t now remains to explain the various features of the results,

One Dimensional Planar Stress Attenuation. The attenuation of shock

waves in a planar, one-dimensional strain situation has been studied by various
researchers in an effort to develop models of the materiol behavior under the
shock loading 'conditions. Some of the basic results of this research are reviewed
here and will be used loter in discussing the hypervelocity impact results,

The early models of shock loaded material behavior assumed gurely
hydrodynamic behavior, i.e., that the material had no shear strength., Among the
eariiest documentad evidence of the elastic-plastic behovior of materiais ot high
stress levels was the work of Fowles (Ref. 49) who performed plate slop experi-
ments in alurninum (2024) ot stresses up to 200 kilobars. He used several tech-
niques to monitor the velocity of the rear surface of the targe:. The results in-

dicated an attenuation of the stress pulse that was premature when compared to
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hydrodynamic theory. The appiication of simpie eiastic-piasiic theory vieided
sctisfactory agreement with experiment provided the yield strength of the mater-
ial was allowed to be a linear function of the compression of the moteiiat.

The basic mechanisms by which this non-hydrodynamic attenuation occurs
are illustrated in Fig, 101, Upon impact, both elastic end plostic waves of com-
pression are created and travel in ¢ 2 x-direction through the tcrget ond in the
negative x-direction through the imoacting plate, Upon reflection off the free
surface of the plate at A, an elastic unloading wave travels bock into the target
at local sound spe=d in the compressed medium, which is higher tharn the speed
of the compressive plastic wave in the target., Eventually, the elastic unioading
wave catches the plastic compressive wave ot the point B, unloading it partiolly
and reflecting to the ieft. In addition, a series of plastic unlooding waves wns
created at the point A (the plastic rarefaction fon) and the components propagate
in the x-direction ot velocities grecter than thot of the plastic compressive wave,
Eventually, multipia reverberations of the elastic relier wave occur between
the head of the rarefaction fan and the plastic compressian wave, further de-
creasing the amplitude of the lotter in stepwise foshion,

Shortly thereafter, the head of the rarefaction fan catches the plostic
compression wave, resulting in further attenuation as more of the fon overtakes
the wave, In the purely hydrodynamic case, nothing analogous to the elastic waves
exists and attenuation does not commence until tha head of the unloading wave from
point A catches the compressive wave and starts to unload the pressure continuously.

The general situction encountered in terms of stress attenuation in the
plenar one-dimensional situation is further illustrated in Fig. 102 which gives
a general picture of the type of results obtained by Curran (Ref, 50) and others
(Refs, 51 and 52), The figure is not intended to present any specific data, only
to illusirate trends,

With this background, the basic effects can be understood, but further
complications arise, Curran (Ref, 50) found that to predict correctly the

magnitude of the experimentally observed attenuation using simole elastic-plostic
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theory, it was necessary fo assume that the yieid sirengin of the 2GZ4 aiuminum
used veried with the compression of the meieria’, He proposed that the tensile
yield strength varied linearly from its value of less then 1 kilobar ot zero
nressyre to over 12 kilobars at an imposed prescure of over 200 kilobars,
Similar results were oiso reparted by Mader {Ref, 53) who obtained good agree-
ment between elastic-plastic cclculations using a verioble yield strength model and
detoiled measurements of the stress wcve shapes obtained experimentaily with
copacitor gauge techniques,

Erkman, et al {Ref, 52) performed odditional attenuction experiments in
2024 ond 1060 aluminurr. and confirmed the essential correctness of on elastic-
plasiic treatment of the shock wave attenuatior. in addition tc exploring the effects
of a sheur modulus that varied with compression, As shown in Fig. 102, calcula-
tions with tha usual elastiz-plastic theory show o rounded, step-like decrease in
the stress at the point where the elostic relief wave overtokes the plastic com-
pression weve, Further, there is o region of constont stress associated with a
distinct separation beiween the elostic relief wave and the plastic rarefaction fan
that foliows, Erkman et al, found no evidence of the existence of this step-like
behavior in their experimental data. On the basis of his evidence, Erkman con-
cluded thot o Bauschinger effect (lack of distinct yield point upon relief) in the
aluminum was spreading the elastic relief wave so thot the Gttenuation became
one smooth process, In addition, Erkman discovered significant differences in the
behavior of the 2024-T351 ond 1060 aluminum alloys employed in the experiments,
The 1060 alioy indicated 6 more fluid-like behavior ot the higher pressures,

Somewhat better agreement between the theory and the experimental
determinaticn of the point at which attenuction starts can be obtained by aliow-
ing the elastic modulii to vary as o function of the hydrestatic pressure (Ref,
54:88), This results in an increase in the bulk modulus, K, and consequently
in the speed at which the elastic relief wave propagates,

More recent experiments by Seaman, et al {Ref. 55) were conducted

in measuring the complete stress-time profile of the wave at verious positions
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concluded that (Refs, 55:92 and 98):

a. A pronounced Bauschinger effect in both alloys governed the speed
of the ~arefaction waves and the stress attenuation rate, A gradual
tronsition from elastic to plastic behavior, rather than a specific
yield point, was observed upon unloading, with a continuously de-
creasing sheor modulus,

b. No stress reioxation effects were observed, although this does not
preclude their existence at early times,

c. A large ejastic-plastic transition region was also observed upon
loading for both alloys. This leads to a gradually rising non-t‘eady-
state profile between the precursor and main wave,

Ths variety of studies cited above serves to illustrate the complexity of
the shock wave propagation and attenuation processes, even in the simple, planar
geometry of the plate imoact experiment. |t has been amply demonstrated thut
elastic-plastic theory leads 1 o relatively good description of the propagation,
but the detoils depend upen the behavior of the material. Even in such a simple
material as aluminum, such things as the Bauschinger effect, strain hardening,
strun-rate effects, ond a non-linear transition between elastic and piasiic states
may affect the shock wave,

Spherical Geometry. The divergent geometry iypical of the hyper-

velocity impact of a compact projectile onto a large target severely complicates
the situation, Here it is more difficult to visualize the events since the nearly
spherical syrimetry imposes o geometric attenuation on top of that oroduced by
material effects, The initial loading conditions are clso much mure complicated
than in the plate impaoct cose. |n the latter, one-dimensional strain can be as-
suned, while a hypervelocity impact creates a crater that grows in the presence
of flowing material right in the region where the loading that will create ¢ shock

wave is taking place. Few reclly complete analytical or nur-erical studies of
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strength dependent shock wave propagation in this complicated hypervelocity case
have been cerried out.

By making several simplifying assumptions regarding geometr, Mok
(Ref. 56) was cble to provide some insight into the wave propagation phenomena,
He assumed o one-dimensional, spherical yecmetry. The inside of a spherical
covity in the medium was assumed to be loaded ky a prescure pulse of finite
amglitude ond fixed duration. The equatiors of motion and an elastic~plastic
matarial model were then solved numerically (finite difference techniques) to
determine the subsequent material motion, In this situation it is, unforfunately,
imzrectical to construct a recsonably accurote r-t plot of the wave interactions
to check the numerical calculations (05 wos done by Currar[Ref,50] in the
planar case), since the characteristics of the equations of motion are curved
paths due to the geometry,

The features of the stress oftenuation results obtained b Mok (Ref. 56:35)
are illustrated in Fig. 103, No scaies are shown since only the shape of the
curves and relative slopes are of intrrest, The upper portion of the decay curve
represents the propagation of the plastic {or hydrodynamic) wavefront prior to
its being overtoken by unloading waves, In this region the slope of the curve is
nearly -1, implying that the free surface velccity (or particle velocity, u) varies
as 1/ Rs’ The approximate slopes of these curves are shown in porentheses,

Assume that the shock thickness remains constant in this regime and
that the energy within the shock wave is conserved, If the shock pulse is suf-
ficiently uniferm that it can be assumed to be at constant density, the specific
internci energy, e, of the shocked moterial is proportional to 1/ Rsz. Likewise,
it can be shown from the Rankine-Hugoniot jump conditions that, behind the shock
front, e =(1/ 2)u2. Consequently

U = !/Rs (Eq. 10)

agreeing with the resufts of Mok's calculations, This result is also obtaoined at

much lower pressures, wirere ocoustic approximations may be employed,
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Fig., 103. Shock Wave Attenuation Results for One-
Dimensionc! Spherical Geometry According to Cai-
culations by Mok,

The numerical results reported by Mok are, unfortunctely, not of suf-
ficiently fine resolution that the bekavior of the stress waves in the region of the
knee of the curve con he examined in detail. The change in slope at this point is
clearly d- - to reisase waves catching the main compressive wave, but the dis-
tinction betwaen the elastic ond plastic unloodi.ig waves and the separation be-
tween the two are not opparent in the results reported. This might have been
aoffected by the size of the zones used in the numerical calculations,

The lower portions of the attenuation curves show a substantial difference
in slope due to the variation in the postulated material strength. Mok (Ref, 56:39)
notes that: "This difference in pressure is about the same order as the yield
strass of the moterial and appears to be nearly constant throughout the propago-
tion. Accordingiy, the influence of the yield strength becomes more significant

as the strength of the shock wave becomes weaker.," This is opparently caused
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by the fact *hat ihe strengih dependeni aifenuation is caused by the elustic un-
loading wave and that the amplitude of this wave is related to the tensile yield
strength of the material,

The net affect is that for two matericls with the same Hugoniot, the
material with greater yield strength exhibits a lower stress ot large shock radii
once the elastic rarsfaction wave has overtoken the plastic compression frent,

Comparison with Experimental Results, In view of the descriptions of

strength dependent wave propagation just given, the experimental shock attenuo~
tion results obtained here will be discussed in more detail., The reoder is again
referred to Figs. 97 through 10C, particularly the first of these where the on-
oxis attenuation is displeyad,

In the high stress regicn, the behavior of the ottenuation is substantially
different (more severe) than that calculated by Mok for his idealized one-dimen-
sional simulation of a hypervelocity impect. The higher attenuatior recorded in
the experiments probably indicotes thot the loading history is unlike that de-
scribed by Mok due to the processes occurring in the cratering region. The ey~
periments appear io produce a stress pulse whose amplitude drops sharply with
disteace behind the shock front, whose components travel at different velocities
aad which, hence, tends to spread out as it progresses, leading to increased at-
tenuation. The two-dimensional aspects of the imgpact, the lateral flow in the
crarer and rarefactions originating from the edges of the deformed projectile,
are undoubtedly the source of these differences. The results indicate that con-
stant pressu.-e loading, such as thot studied by Mok, is not a good simulotion of
the hypervelocity impact loading, The technique developed by Mok is, however,
extremely useful in studying and understanding the hypervelocity impact behavior,
it would be very interesting to explore further the effects of different loading
histories on the subsequent wave propagation and, with fixed loading history,
to study the effects of different models of the materiols behavior,

in each case, the change in slope of the stress attenuation curve appears

to be due = the overtcking of the nlastic compression wave by an unloading wave,
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Far the 1100-0 aluminum, the strangth ic co small that the material annarently
behaves piastically (nearly hydrodynamically) down tc very low pressures, The
point of cotch-up is about 5 cn into the target. This corresponds to a time of
about 8.3 usec ofter imoact -- see Fig, 104 later in this chapter. Assuming that
during the impact the projectile deformed =such that it was roughly 0.5 cr thick,
the rorefaction must travel about 6 ¢cm in the 8,3 nsec period, reprezenting an
sverage velocity of about 7.2 mm/ nsec. This is not an unreascnable number con-
sidering the highly compressed matericl thot the rarefaction had to traverse,

Similarly, it appears that the knee in the stress attenuation curves for the
6061-T6 clloy represents the arrival of the ejastic unloading wave ot the com-
pression front. In this case, the knee {5 about 2.5 cm into the target, requiring the
efastic unloeding wave to travel a distance of roughly 3.5 em. According to Fig.
104 again, this occurs af o time of about 3.7 usec ofter impact, This represents
an averoge elastic unioading wave speed of slightly urnder 10 mm/ usec, which again
is reasonable (see Ref, 52:45),

Once unloading has occurred, the slopes of the stress attenuation curves
are more difficult to axplain. In fcci, the slopes li2 in inverse order of what would
be expected on the basis of Maok's resuits, i.e, the soft 1100-0 alloy shows the
highest ottenuation rote, while the sirong 7075-76 alloy shows the lowest attenua-
tion rate. In all likelihood, this phenomena is reloted to the unicading history of
the origi-ai stress pulse in each material, The flow of material and two-dimension-
al rarefaction effects in the region of the impact point vary grectly for the soft
ond hord ailoys (see Chapter 1V, for example) so that the siress unloading is also
probably quite different, There does not seem to be enough information available
here, ai least without employing cdditional computer colculations, to verify the
affects of loading history on the wave propagation,

Note that in none of the data is there any evidence of the romp behavior
(see Fig, 102j discussed eariier for the one~-dimensional cose. This seems to
confirm the earlier findings that no specific yield poini #-ists in unloading for

these olloys,
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The behavior of the attenvation in the 1100-0 alloy as a function of the
angle off axis is remarkably different from the other alloys. This effect may be

a? least partly related to the epporzntly unusual unloading history of the 1100-0
materiol in the croter region, although it is unlikely that this unlooding history
continues o manifest itself at such large distances from the impact point.

The experimental results obtained in this study have led to @ more thorough
description of the atteriuation process and their strength dependence in the hyper-
velocity impact situation, Certainly, not ali the observed behcvior has been satis-~
factorily explained, Mok (Ref, 56:39) pointed out that, due to the sensitivity to loud-
ing history, spherical shock wave experiments represent a complicated configura-
tion for examining the basic effects of moterial behavior upon shock wave propaga-
tion, The results prasented chove confirm his nroposition. 12 must be pointed out,
however, that experiments such os these are essential to the full understanding of
two-dimensional wave propagation {as opposed to studies dealing solely with mater-
ial models) where the load history is not known a prieri ond it is in this context
that the results are believed to be vatuable. In reality, practical problems must
employ computer codes that calculate all the processes, including the load history,

and experimental confirmation of proper operation of these extremely complex

codes must be available,

Shock Wave Arrival Time Results

The orrival time instrumentation described in Chapter V was applied to
many of the experiments cited in Table Vi, either as an add-on, or in some coses
as the primory experiment. Some 28 experiments yielded decipherable data, The
data obtained is contoined in Appendix F, Tabie XXi.

it was the original intent of these experiments to.measure the shock tra-
jectories in each of the three cluminum target olloys, 1100-0, 6061-T6, and
7075-T6 and to use this data to siudy differences in the shock propagation be-
havior of these materials, In each case, it was desirable to measuire the arrivol

ti.ne of the steep fronted plastic wave if o complex wave structure were present,
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The results obtained have nct been compietely consistent with this objective, al-
though much useful inforraction has been obtainec,

The shock trajectory is not o sensitive measure of shock propagation
phenomena (as will be discussed in Chapter Vil), consequently extreme accuracy
is required to separate the effects of alloys of the some basic moteriul based
upon the trajectory of the plastic front alone, It would not appear from the data
obtained that such accuracy is possible with the techriques employed. in fact, it
is probably impossibie to perform this task with any realistic experimental tech-
nique that does not resolve the structure of the wave front,

A variety of phenomena, some experimental, some physical, offected the
shock wave arrival time results, These effects are most easily discussed by
inspecting the data obtained -~ shown in Fig. 104, The data for all three alloys
has been shown on one ploi to make the discussion easier, The solid line is the
theoretical shock trajectory for a hydrodynamic shock wave as derived from a
blast wave model} of the impact due to hi - v -- see Chapter Vli and Ref, 11.
This shock trajectory aogrees weil with similar data obtained frorn the "variable
energy"” model developed in Chapter Vii., The shock trajectory data obtained from
pure hydrodynamic (OIL code) numericcl results from Ref, 14, and from the
STEEP code calculasions of Ref. 32 also show good agreement, althcugh reliable
results are avoilable only for the region RS< 3 cm. The dashed line indicates the
approximate expected trajectory of an elastic precursor traveling ot the acoustic
sound speed in cluminum, opproximately 6,40 mm/ usec,

If the instrumentation were properly sensing the arrival time of the piastic
shock front ot the target rear surface, the dota should al! fall near the hydrodyna-
mic trajectory shown, Obviously, much of the data does not. Several different
effects must be invoked ic explain these discreponcies, First, the groups of dota
that lie to the left of the plastic wave trajectory at about Rsz 2 ¢cm ond R;=4 e
wer. apparentiv caused by the early closure of the foil switch used to signal im-
pact and o trigger the oscilloscopes. |t is likely that small porticulate debris

hit the switch ahead (< 2 psec) of the projectile, The quartz probe records of
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several of these events yield some plausible confirmation of this phenomenon --
a small pressure pulse (apnarently) precedes the main pulse caused by the pro-
jectile-genercted shock wave, This debris moy heve heen caused by the worn
gun parts employed during a portion cof the experimental program,

The optical fiber probe dota is internclly consistent, but does not agree
well with quartz probe data obtoined on the same round (2837). This is probably
due to difficulties in interpreting what constitutes light cut-off from the fiber
optic probe, Further development would be necessary before this type of probe
could be used with confidence,

The remaining deta does indicate significant trends if certain assump-
tions are made regarding errors or inconsistencies in the oscilloscope records,
First of all, the electrical pin switch probes yield data that is consistent with the
theoretical shock trajectory and, also, the resuits of the quartz probes in the
region Rs< 3 cm when those rounds involving gross early switch closure are re-
jected, The record obtainad on round 2811 at RS‘—~= 4 cm where both electricol
switch and quartz probes were mounted on the same target shows that, at this
siress levz|, the electrical switch probe is responding more slowly thon it
should, It yielded signals about 1/2 psec late with respect to the quartz probe
signal. At higher stress levels, no such delay in closure was detected,

At small shock radii and high stress (Rs< 4 cm) the quortz probes general-
ly yielded good data that is consistent with the predicted shock radius., There is
scatter in the data in this region, probably due largely to errors in measuring
the vaiue of the shock radius Rs. The exact impact point was hard to determine
accurately for the small targets, all of which suffered severe deformation or
penetration during the impact process. Errors in measuring Rs of ot leas:
7=0.15 cm ore quite realistic,

The quartz probe recerds at the larger shock radii ore the most inter-
esting. As explained earlier, the signal omitted by the quartz crystal is pro-
portional to the stress induced in the crysial. The existence of edge effects,

combined states of stress created by the divergent shock wove geometry, and
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multiple reflections in the thin crystal all combine to preclude the use of the
quartz probe device to measure diractly the stress amplitude.

The probe does, however, give a qualitative picture of the stress am-
plitude history end yields surprisingly consistent results, Typical oscillo-
scope traces for each of the target materials obtained at shock radii of Rszlo cm
are showr. in Fig, 105, The shape of the v~ veform is characteristic of the target
alloy, although there is little difference between the results for 6061-Té and
7075-T6 oluminum. The shape of the waveform persists all the way down to the
smaller shock radii. In porticulor, the voltage ramp that appears on the leading
edge of the puise in 1100-0 aluminum hos the characteristics of an eiastic pre-
cursor: (1) the iength of the romp increases with increasing shock radius; (2)
the ratio of the amplitude of the ramp to the voltage peck increases with increas-
ing shock radius and (3) the leading edge of the ramp travels at the acoustic wave
speed in aluminum, 6.4 mm/psec. The latter effect can be observed from those
dota points on Fig. 104 marked with the symbol © . Likewise, the data for the
leading edge of the main voirage spike, marked O, ogrees well with the predicted
shock trajectory, so that the main puise is seen to correspond to the plastic wave-
front.

The set of four pairs of data points from Round 2851 lying to the right of
the dashed line ore believed to be ff by about one usec based on other quartz data
from the same round. When adjusted by this amount, the results are consistent
with the remainder of the dota on 1100-0 aluminum,

There is no evidence of any well defined "precursor" on the quartz probe
records for the 7075-T6 and 8061-T6 alloy targets., The leading edge of the pulse
rises quickly, but not discontinuously, to the peak value. The rise time is slightly
faster in the 7075-T6 oluminum, For both alloys the rise time becomes longer as
the shock radius increases, The bulk of the data indicotes thot the trajectories of
these waves lie somewhere between the calculated shock trajectory of a hydro-

dyramic wave ana an elastic wave, The dota lying in the region 7.9 cm:—’;Rsé 9.1
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Fig. 105. Waveforms ot Large Shock Radii
Measured with Quartz Crystal Probes,

cm does not appear to be consistent with these conclusions, but is believed to be
in error. No explanation can be derived from the available records,

The quartz probes have a good time response, and the slopes of the ‘ead-
ing edges of the stress pulses observed are probably realistic even though the
crystal cannot reach stress equilibrium until the wave has traversed the crystal
and reflected off the aluminum interface ot least once, The time resolution of
these probes should have been about 0.1 usec and appeared to be that good, The
leading edge of the stress wave in the 7075-T6 aluminum was charocterized by a
very fast, almost discontinuous, rise to about half emplitude followed by a slower
rise to the peak value. In the 6061-T6 alloy, the rise was more continuous and
srrooth (and possibly slightly slower) to the full ampliiude. The stress decay
measured by the quartz probes is consistent with the general picture of the wave
shape expected from this type of impact, i.e., o roug. y trionguiar shaoped wave,

No ottempt has been made to analyze the details of the stress history from these
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records,

The difference in waveform detected for the three alloys is significant.
The soft 1190-0 aluminum disploys a distinct elastic precursor while the hard
alloys -- where any elastic component viould be expected to be of higher am-
plitude if present ot all -- exhibit no precursor ot cll. The latter two do seem
to exhibit some stress relaxation in ‘he rising portion of the wavefront, however,
Since the 1100-0 aluminum is considerably more strain rote sensitive than the
other alloys, it may be that strain rate effects are influencing the structure of
the rising portion of the stress puise.

In any event, the quartz probe data has pointed out wave propagation
phenomena thot are worthy of additional study with more quantitative instrumenta~
tion. The experience gained in this study con furnish severcl valuable guide-
lines for such efforts: (1) the sensor chosen should have a small crea to avoid
errors in the calculation of the shock radius; (2) the sensor should be calibroted
wver a wide range of stress; (3) the sensor should be chosen, end he instru-
mentation designed, so that both shock timz of arrival and stress history infor-
mation are obtained; and (4) orthegonal image converter photographs (or similar
arrangement) should be taken viewing the projectile at the time the impact switch
closes, thereby yielding precise information on the impact point and precise
timing of the impact with respect to the sensor signals. The most promising
condidates for sensors ot this time are either the laser velocity interferometer
or the use of piezoresistive toil gauges compensated for divergent flow conditions

if necessary,

Summary

A series of seventy hypervelocity impact experiments was completed in a
program designed to study the propogation (trojectory) and attenuction of stress
waves in oluminum alloys. Aluminum projectiles of .635 cm diometer were
iounched ot a velocity of about 7 km/sec and ollowed to impact targets of 1100-0,

6061-T6, and 7075-T6 aluminum, Measurements were then made at various angles
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and distances from the impact point of the wave arrival time and its peak am-
plitude employing the techniques previously described,

The voriation of peck stress with angle off axis has been measured and

iaecaaiin]

found to be in general agreement with the qualitative picture of a hypervelocity

impect as being similar 1o a point source wave expansion. Beyond 40° off axis,
this picture breaks down rapidly,

Measurements of the attenuation of the peak normal stress in th: wave
with distance demonstroted the existence of a knee in the attenuation curves as-
sociated with significant non-hydrodynamic attenuaticn in the 6061-T6 and 7075~
Té alloys. The 1100-0 alloy exhibits essentiaily hydrodynamic behevior dewn to
relatively low stress levels. The behavior of these clloys is interpreted in terms
of existing one-dimensional shock wave propagation theory cnd experiments,

Measurements of the shock wave arrival time at various distances, al-
though not completely successful due to timing inaccuracies, yield»d confirma~
tion of the postulated elastic-plastic behavior of the materials, The data de-
monstrated the substantial difference in behavior among the three aluminum

alloys employed,
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VI, Comparison of Experimanial Shock Pressure Results
with Hydrodynamic Theory and Numerical Results

The experimental pregram just described hos yielded a lorge quontity
of data relating the peak normal stress in the shock wave to the distance into
the target and the angle oway from the proiectile trajectory. This informa-
tion has been sufricientiy complete to establish detailed stress decay laws for
three aluminum alloys of widely varying strangta: 1100-0, 6061-T6, ond
7075-T4, Additional information has been obtained on the shock wave tro-
jectory and, in ¢ very limited fashion, on the wave shape, The results have
been interpreted in terms of the physical processes occurring during the wave
propanation. li now remains to compare these results with selected theoretical
predictions of this hypervelocity impact situatian,

An impact such as that described here is quite complicated--as was
discussed in Chapter il and elsewhere, Consequently, attempts to treat this
problem with moderately simple anclytic theory have teen either unsuccessful
or of limited applicability. The most promising approcch to treating the hydro-
dynamic portion of the impact hos been to use the similority method for sclving
the point source blast vave problem in a perrczt gas and to modify this method
to make it more pertinent to the actual solid matzriol of interest, This method
is described in some detail in the first part ~f this Chapter, Modifications to
the basic theory by several authors and a new mcdification proposed by Torvik
and this anthor are discussed. The results are compared with the available
experimentsl results.

Currently, the mosi complete way to treat the entire impact process is
numerically, through the use of ¢ computer program to solve the pertinent
equations by applying finite difference techniques. The second portion of the
Chopter is devoted to a comparison of the exparimental results with the limited

number of computer colculations that are ovailakle for direct comporison,
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problems that were designed specifically to correspond 10 the experiments con-

auzted in this study, The actuai performance of these computer calculations was

not o part of this effort,

3lost Wave Solutions to the Impact Problem

Analytical sciutions of even the siinplest imoact problems ore most
difficclt because the equations are non-linear. One of the most detailed
analytical cpprooches was taken by Rae and Kirchner (Ref, 18, i9, and 20)
who adapted gos dynamic soluticns of the point source blast wave problem to
imoacts into sclids, Their ap..roach assumes that the materials invoived be-
have as perfect fluids {no heat conduction, no viscosity) with a kydrodynemic
equation 3t sicte, cad spherical symmetry. The hydrodynamic o~ fluid-like be-
havior of the materiol, at leasi during the early phases of a hypervelo:ity im-
pact, is justified on the basis thot the pressuraes greatly exceed the yield or
shear strength of the material. During the later stages of the impact process,
this will not be true, A point source release of energy ot the center of the cc-
ordinate system is then assumed to approximate an impact -- and the results
cre used to help justify this assumption. In the following sections, the essential
elements of Rae and Kirchner's approach are outlined and the results are applied
to the impact of a 0.635 cm diometer aluminum projectile with a velocity of 7.0
km/sec upon an infinite halfspace of aluminum. The discucsion here is based
primarily upan Ref, 18, Modificotions to Ree and Kirchner's app -oach are for-
mulated and discussed and the results cre compared with experimental dato.

Similarity--The Perfect Gas Solution. The approach is founded upon
as P p

the concept of similarity which states that (for certain proBlems) properiy
normalized cuantities (pressure, density, etc.) at any instant are the same when
viewed on a scole defined by the shouk radius of thot instant, That is, each

quoniity depends upon the ratio
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where r is the distance from the impact point and R _(t) is the distonce from
S

L/ B~

the impoct point to the shock front, rather thar upon r and t, the time, explicitly.
The quantity 5 is called the similarity varisble, and in certain cases rnoy be
used to eliminate the explicit time desendence from the problem.

The dynamical equations of motion in spherical coordinates with no

anguiar dependonce are:

g (B 290
o, g, 2o
2t r ? r
%% + “%?F “%(%*“%):O (Eq. 12 )
obtained from conservation of mass, momentum, ond energy respectively and
E where
p = density
!' vy = r-component of velocity vector for a particle
p = pressure
e =  specific internal energy

In addition, an equution of state in the form e = elp, ¢ ) is required to corriplete
the set of equations,ond the Rankine-Hugoniot conditions at the shock front
represent a boundary condition on the problem.

Next a set of dimensionless similarity functions is defined,

$(.,Re) = U /F:\’5

F(9.R.) = P /s, R

oL b e P o ot
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‘&(’)'RS) p/po

g(2.R,) — (e=&)/R2

(Eq. 13 )
where i.?s = D the shock velocity. Substituting into Eq. 12  then:
2¢ 4 (20, 2¢8)p 2t
(¢_.,),O,, +v(224+82)= RsaF,
1 ef o 2¢
(R F’S/R %) g +(9- v) 7 3w T "Re3R
ee e i ‘9__ 24« 2g f ¢
2Rk RA+E- 33 - e T Reort @Rs2R, (kg 14)

For similarity to aopply, the variables of Eq. 13 must not be a function of the
scale of the probiem, RS. The basic assumption of self-similor flow then re-
quires that $=¢(n), f=f(n), etc, and consaquently that the right hond side of
Eqs. 14 must be identically zero, In addition, to reduce this set of partial dif~
ferential equations to a set of ordinory differential equatinns there must be no
explicit time dependence in the 2quations, hence in the similarity solution it is
further assumed that the term g= Rsﬁtc/ﬁsz must be constant. Double inte-
gration shows that this requires Rs—-— t  where N need not be on integer, For

the similarity cose, the final form of the ordiaary differentici equations of motion

Qre:
(¢-m)¢' +¢(8'+2¢/7) = C

(NN1> o (6-1)¢ + --f =9

\

N-1\ - f Vo' —
(-—'—N )g+(9’> Me) ?(sb 7}y =0

(Egq. 15)
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where the prime denotes differentiation with respect to 3 . In terms of the

similarity functions the Rankine-Hugoniot conditions become [¢H.’—=‘ v (121, R, )]

[P RONAR I PRy

: POD:P(D-'U) i '1!’”(1-"#");1
4 ,
P—R - pDu - fy= ¢t po/poRS
r f+f i
e = __it.)D_ (1_ - ..1_) — g - ° (' — _)

i

' (Eg. 16 )
{ In addition, when the equation of state has the general forme = e {p, o ),
3 . 2 . 2
H explicit time deperdence may enter into the equation of state Rs g= F( e, Rs f,
‘ Po V) through the existence of the és term, If the equation of state
< takes the form e = p&(p) ,theng =, f{(¢) and the explicit
: time dependence disappears, in the case of c perfect gas, the equaticn of stote

satisfies this condition taking the form

i e - P

, (r=1e (£a. 17 )

where 7 =¢y/c, is the ratio of specific heats of tie gas, Explicit time

dependence may enter the problem also when the term o

s 2
o poRs is of the

order of ¢H. Consequently ot low enough pressure ratios, a gas dynamics pro-
blem is not similar.

In solids it is safe to assume that Py the pressure in the undisturbed
] material, is negligibie compared to the pressure pehind the shock wave, Eq,17

; can then be used in conjunction with Eqs. 16 to ebtain

; ¥, (1 —¢H‘) = 1

v 1 (Eq. 18}
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Given the function {(y) this set can be solved axplicitly for P Vo and fg_:
which means that the density ratio Y= p/ Py O the shock front is con-
stant for the problem. This result is a consequence of assuming o similarity
solution ond implies that the solution is exact only in the region of limiting
compression, corresponding to a strong shock wave in ¢ gas, The result is
categoricaily not true for solids except at extreme pressures (tens of mega-
bars).

Eq. 17 rewritten in similority variables car be differentiated with
respect to y and solved for g'. This result can then be used to eliminate g'
from Eq. 15 reducing these to three linear equations in the three unknowns
¢, &', and f'. The set con then be solved for the unknown derivatives in the

form:

.6~
I

Y'(n, ¢, 9. f)
¥ = $(n, b ¥ f)

= (4, ¢, ¢ §

(Eq. 19)

Using N as a parameter these equations may then be solved to determine ¥,
¢, ondf. For any value of 7 , the equations may be integroted numerically
using Eq. 18 cs starting conditions. The set of equations has an acceptable,
single-valued solutior only for N = 2/5 ond, for that situation, on onalytic
solution has been worked out by several authors as discussed by Rae in Ref,
20:26. This is the ciassical blast wave problem as first described by G. 1,
Taylor. (Ref, 57).

The results for various values of ¥ ranging from 2 to 100 are dis-
played in Fig. 7 o-j of Ref. 20 and Fig. 12 a-c of Ref, 18,

The relotion between RS and t may then be obtained as follows, The

total energy in the system is (assuming only a hemisphere).

166




R 2
£=2wfsie+—;—]p'2dr
0 (Eq. 20)

In terms of the similarity variables this yields

-2 3
= 27p, RZ R, 1Y)

1. 2
1 f ¢ 2
{y)= — 4 — lyatd
1{7) f [(7_1>¢ F ]vv n

0 (Eq. 22)

Hence, once f( 7 ), ¢( 7 ), ond ¢ ( n ) are known for a given v , this

(Eq. 27)

integral may be evaluated for that vaiue of v . The shock trajectory is then

found by integraiing Eq. 21 to obtain
5

25 € 25

R.()= |————
$(1) 8xp, 1(7)

(Eq. 23)
the ciassical result for o strong blas; wave in a perfect gas. Equation 23
also determines és(f) which, when combined with the equation of state and
Eq. 18 allows o direct calculation of P Yy ond fH.

Application $o a Solid -~ The Equation of State. As noted ahove, the use of

similarity to treat the blast wave problem implies that the density ratio across
the shock front is a constant--a state which is known to be incorrect for shock
wave propagation in solid materials, To see how the non-similar nature of

flow in solids arices, consider the Mie-Gruneisen form of the equaticn of state

for solids:

1
pT(r)

e(p.p) " ey(n) = { P -pH(P)}

(Eq. 24)
where the Gruneisen factor T(r) depends only weakly on o and the sub~

script H refers to the value on the shock Hugoniot. This can be rewritten in

the form:
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e = _;‘FG*)" — a(r)
(Eq. 25)
where
ae) = “‘;g?%)z“ — ey(e)
(Eq. 20)

Equution 25 has the desired form for o similarity treatment of the
problem provided 3( » )is very small. Except ot extreme pressures (many
megabars) the term  A( ¢ ) is not smoll compored to p/pI' and consequently
the problem of shock propagation in solids is choracteristically non~similar,

In o solid, the density ratio across the shock front will vary considerably as
the pressure changes.

In whot follows it will be convenient to employ o simplified form of the
functional reiction that describes the Kugoniot or shock adiabat states of the
materic!. This expression relates the shock speed 1o the particle speed in o
lineor manner:

R=c+sw

(Eq. 27)
Rae terms any matericl whose Hugeniot obeys this relation a ¢,s medium, The
relotion itself is usually termed simply the "linear Hugoniot." A wide variety
of materials have Hugoniots that are well approximated by this equation, although
in every cose the relation fails at very high pressures, In porticular, Eq, 27
yields good results for cluminum: at pressures up to roughly 200 kilobars, and
yields only modest errors up to pressures of a megabor, Physicoily, the con-
stant ¢ represents the jow pressure limit of the bulk sound speed of the material.
The interpretation of s is more complicated, but it is related to the 2ero pres-
sure Gruneisen porameter, I ,

o

Quasi-Steady Solution. One approximate metnod for trecting the nun-

similor nature of impacts in solids is termed the "quasi-sieadv" method ond

was developed by Rae and Kirchner (Ref. 19 ). The method :mploys the
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basic results of the similarity solution for a perfect gas, but forces the results to
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match properly the Hugoniot of the solid material at the shock front by letting the
7 of the "gas" vory as a function of shock radius, This varying v introduces
non-similar features into the results as desired and ensures that the flow vari-
ables take on mutually consistent values of the shock front,

An importon: result arising from the perfect gas equction of state is
that, for any fixed value of v, there is associated only one value of the density--
thot is, the density across the shock front is constant and uniquely determined
as mentioned before, Combining Eq. 17, the perfect gas equation of state, with

the third member cf Eq. 16 the Rankine-Hugoniot jump zonditions:

L 4 [_‘_ _ _‘_]
(r—1o» 2 1o, P (Eq. 28)
if the compression, g, is defined by
P
p= -— — 1
o (Eq. 29)

then the above can be solved to yield the relation:

n+2 2
Yy = — R =

r 71 (Eq. 30)

One obvious way to account for the varying comoression that occurs
during the propagation of o shock wave in a solid is to let v vary, Conversely,
note that when 7 is specified, Eq. 28 is indeterminate in the pressure, p, A
perfect gas mcy have any number of pressure states corresponding to a given
compression if the compression is created by a strong shock (po= 0). This sort
of behavior does not exist in 2 solid except at extreme pressures,

The employment of the linear Hugoniot form (Eq. 27) now allows the
convenient use of dimensioniess flow variobies which are definad as follows

(see Appendix H for u dimensional cnalysis justification for these variables):
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p -~ compression, related to density
u/c -- dimensioniess particie velocity
D/c -- dimensionless shock velocity
P/p°<2 -- dimensionless pressure
¢t /R, -- dimensionless time, where Ro is a scale length defined below
These arise naturally when the linear Hugoniot form is combined with
the Rankine-Hugoniot jump conditions %o obtain the following expressions which

are termed the "Hugoniot values® c¢nd which are valid ot the shock front in the

solid:
r+1

e = T s (Eq. 31)
— #.v.

e = ptl- ps (Eq. 32)
2 p(p+1)

/ =

PP T (ut1- nsf (£q. 33)

For a given value of v, the most *mportant relation derived from
similarity theory is Eq. 27:

3
E=2 = poDst 1 (7)

If the projectiie energy is defined as Eo and a scale length, Ro’ is

defined by
_ E /3
RO o [ 2 = PO Cl ]

(Eq. 34)
this relation can be written in dimensionless form as
£ D 2 Rs 3
£ (=) o o
o o

where E is the energy chosen for the similarity solution and where the option
is left open here to let E differ from the actual projectile energy, Eo. This
feature of the solution is new with thic author ‘s discussion of the problem, Its

ramitications wiil be discussed later,
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The foiiowing descriction of the guasi-sieady modei represenis ine
author's interpretation of the processes invelved and is believed to be con-
sistent with Rae's presentat on. This particular approuch to discussing the
quasi-steady nrode! leads _onveniently into the discussions of modifications to
this basic model.,

For a similarity solution, E/Eo and ¥ are constant, while D/c and
Rs/Ro vary. Note that the shock speed veries even though the compression
remains fixed, Combining the first and second Rankine-Hugeniot jump condi-
tions across the shock front (of the perfect gas), the followirg is obtained:

o / D V
2 =& (3

c

(Eq. 36)

Now, since n is assumed c corstant for this process, combining this with

Eq. 35 yields -3

R

—B., = -=

o o 2 constant ( ) )
o o

(Eq. 37)

along the simiiar expansion. This shows that for fixed ¥ (or g ) the similor
solution yields straignt lines of slope -3 0a a log ( p/ pocz) vs log (Rs/Ro)
plot, These straight iines vary only in separation as u or E/EO are changed,
The methsd developed by Ra= for applying this perfect gas simiicrity
solution irn, an approximate way to a sclid is illustrated in Fig. 106, Siarting
at some point A which corresponds to a compression N the shock front can
be thought of as being aliowed to follow the path A B, ot constant compression,
obeying the similarity solution for o perfect gas ond with a ¥ that corresponds

2 2 2
3 ’ = )
o, through Eq. 30. The values (p, o )A and (p/ PoC )[3 e/ P ¢

r

ar« found from Eq. 33 knowing Ha and n == "AJ'_ Ag

Next the quantity (RJRQ)B is determined from Eq. 3. which yields:
-~ 2
(p/ poc )A

3 3
R/R)> = (R/R)
/Fe = R/ 6/ oy | (Eq. 38)
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RESULTS OF
SIMILARITY
SCLUTIONS HUGGNIOT OF

SOLID
~

LOG RS/RG B
Fig. 1ué. Hlustration of Method for Introducing Non-

Similar Corrections for Applying Blcst Wave Calcula-
tions in o Solid Material,

The shock ¢, ~ed ot B is determined by using Eq. 35. Then the transit time for

the shock wove between the points (RS/RO)A to (Rs/Ro)B is given approximctely

R R O o)

AB 8 - (Eq. 39)

At this stage, the process has follewed a similar expansion at constant

<

compression and now lies at u stote B off the Hugoniot of the material, Rae and
Kirchner then proposed to correct this false state by forcing the process back to
th2 Hugoniot along the path BC ot constont pressure, In the pressure-shock
rodius plane this implies thot the process is now moved along 8C te a new
similority curve characterized by a new e derived from e

After adjustment clong the path B C, the new variables must sarisfy

the similarity Eq. 35, but now with the new valve 7., yielding
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']1/3

( Ry ) _ (E/E,)

ok 079 100 (Eq. 40)
where (D/c)C is obtained fror, Eq. 31 using the new value e for the comrres-
sion, If Eq. 40 is evaluated at (Rs/Ro)B using the new vaive v = Yo the

value for (D/c)B will, of course, not agree with that obtained previously when

Y ="/B . Hence, it can be said thot the quasi-steady model leads to a variation in

the shock speed over ine poth BC, The time token for the shock to "traverse”

this path is given approximately by

() = ) - =) (f:—)ai (%)

|

BC ¢ (Eq. 41)

The net result cf this procedure is that the volue of v used is con~
tinuously changed to force the soiution to lie on the solid material Hugoniot
curve, The large voriation in v actually encountered is the result of
accounting for non-similarity. The actual pressure variation calculoted by
this method is as indicated by the dotted curve in Fig. 106,

The results of one step as described above, then yield the necessary
starting condition for the next step, Except for the calculation of shock tra-
jectory, the step size is unimportant because the flow quantities turn out to be
dependent only upon the end points of the step.,

The starting conditicns for the firs: .- .an be obtained from the
initial (one~dimensional) shocked states. For like motericl impact where

the impact velocity is given by v ,

(== () -

Applying the Rankine-Hugoniot equation at the shock front and using the linear

Hugoniot for the material:

‘. = tv/e)
T impact 2 -l—(s—-,)(V/() (Eq. 43)
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t impoct w2y then be obicined from
Eq. 31 ond 33, The quosi~similar method will predict infinite shack speed

and pressure af Rs= 0, consequently this unrealistic situation con be avoided

by assuming that the one~dimensional impact conditions described above are
maintained out to thot shock radius where the quasi-similar soiution corresponds
to these conditions., The stock radius correspending to this transition con be
obtaired from Eq. 35 where the values of D/c and v used are derivad from Eq.
43,

Vorying Energy Method. The method just described involves the self-

consistent joining of o sequence of similarity solutions t}' varying the values of
v . The variation of the energy, E, driving the similarity saistion produces
thie same sort of effect. In fact, it seems reasonabie that the quontity E/ Eo is
as valid cn odjustable parameter as is 7, It is therefore proposed that on
alternative development can be achieved by ietting both v ond E/Eo vary in o
plausible manner,*
Referring again tc Fig, 106, the process starts at a given compression
KA ond o value of (E/ Eo) A determined from the previous step. The first part
of the process, from A to B, is the same as expldined for the quasi-steady method.
In the varying energy method, the expunsion over the path B to C is cal-
ccluated somewhat differently,. 1t is assumed that the shock velocity remains
constant over the pafh, assuming the volue it must hove at the point C to be con-
sistent with the solid material Hugoniot, {D/ c)c. A discontinuous change is
made in the enargy ot the point B. Along the path AB, the energy remains con-
stant ot the value (E/ EO) K At the point B, the energy is changed to {(E/ Ec)C end
remains ot that value over the interval B to C. Applyir.g Eq. 35 ot points B and
C with (E/EO)B=(E/E0)C ond (D/c)B== (D/c)C and noting that Y

lowing expression for the shock radius ot the point C is obtained:

= the fol-

*This approach was suggested by Prof, P. Torvik, AF Institute of Technology.
Helpful discussions with him on this theory are hereby gratefully acknowledged.
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Once this is solved for (Rs/Ro)C' Eq. 35 con be used to cbtaii. the new

valye of (E/Eo)C' This new energy is then used to start the next steg in the soly-
tidn of the problera,

One odditionol olteration offecting the selection of v for ony given
expressicn was made in arriving at the va-ying energy r-odel, It may be
observed that the perfect gas equation of state (Eq. 17) when combined with
tho energy Rankine-Hugonict sondition (Eq. 16) results in the elimination of
both the specific internol energy ond the pressure from the equation. This means
that for o specified 7 and compression, u, the pressure is indeterminate; a
number of pressure states may correspond to any given comoression. This is
the some as stating that all strong shocks in o perfect gos, no matter what their
pressure, propagate at the limiting ccmpression of the medium. This fectura
of the perfect gus equstion of state is distinctly incorrect when applied #o solids.
In 2 normol solid, the Hugoniot curve represents o unique, single valued functional
relotion between the pressure and the comoression,

The use of an equation of stote in other than the e =pf{p) form would
destroy the: requirements for o similarity soiution in this development. There is,
however, o simple way fo ensure o one-to-one correspondence between the pres—
sure anvf compression os is required for adequate trectment of o solid. In com-
plete form, the energy Rankine-Hugeniot condition takes the form:

, /2
(e / cz\-—(eo /c2)= (p/Poc2) {:‘—1—4_——{}

The second term on the left side has been ignored to this point, bul con be used

(Eq. 45)

to cccomplish the task described above, In this opplization fet eo/ c2 be defined
as a parameter, A, and the normal physical interpretation is ignored. Given

this form, the combination of Eq, 45 with the perfect gas equation of state rields
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Altnough it may be necessary to chongs A o5 o function of u, this equatien con
be soived uniquely for ( p /o, 2 )in terms of u when Y is given,. In the op-
plication to the problem of an impact into o solid, the eaquation of the Hugoniot
curve for the solid was known, and it wa. desired to soive Eq. 44 fer v when
some value of p wes specified, To occomplish this, once p was specified the
values of (p /p, :2) ot the points » = u+8u ond p=p—38 wos calculoted from
the kaown Hugoniot, keeping 8. very small, This yields two equotions that <on
be solved simultaneously to yield opproximate values of ¥ ond A ot the point &.
In perticulor,
h(at 2) —(p,+ 2)

v E h
27 A (Eq. 47)
where 9
= 3
( p/po )1 (#2+ 1) (Eq. 48)

The cbove revised method was used to calculate 7 as a function of « in the
varying energy model. The resuit is that o locol piecewise fit to the Hugoniot has
been obtained in the perfect gas equotion of state form.

Quasi-Steody ond Verying Energy Model Rasulis. The blast wave ex-
pansion models discussed cbove were calculated with o digital computer program.

The values for | { ¥ j used were obtained from Figure ! of Ref, 18 using ¢
combination of table interpolation ond algebraic functionai form to generate the
desired values, The problem considered was the impact of a 0.635 cm diameter
aluminum sphere troveling at 7,0 km/sec and impacting an aluminum torget,
Ciher dota is shown in Tabie X. The resuits of these calculations are shown

in Fig. 107. The experimentai results shown are those from Chaopter Vi for

1100-0 aluminum targets measurad on-cxis, see Fig. 75,
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Taoble X
Properties ot Impact
Alyminum Density 2.765 g/cm®
Linear Hugoniot Constants 5
c 5,25 x 107 cm/sec
s 1.3718
Scaled Projectiie Energy, E J ::2 332
Scaling Length, Ro 267 cm
Scaling Pressure, pocz 768 kb
imoact Condifions
D/c 1918
u/c’ 667
P/p,c* 1.276
un 534

The quasi-steady model produces results that do not agree pariicularly
well with the experimentoai results, especially in predicting the siope of the pres-
sure-distance curve, Changing trre value of £/ Eo used dees not change the slope;
it merely tronslates the curve to the right or left. Beyond the value <;f Rs/ Roas 0,
the experimenta; results show that non-hydrodynamic behavior of the target is
severely affecting the pressure decay. Since none of the similarity models dis-
cussed here include ony non-hydrodynamic behavior, nc agreemant with axperi-
ment in this region should be expected, The aopparent agreement between the
Guasi-steady model results and experiments in the region 10 < RS/ R°< 25 s
believed to be simply fortuitous and physically withcut significance.

Some experimentol evidence (see Fig, 96) suggests that the pressure
curve slope becomer smaller (less steep) ot values of Rs / R°< 4, Consequently,
the \ esults of the quasi-steody model and experiments will differ ever more in
the region RS / R°< 4 than they do in the region shown, This is somewhat dis-
appointing since the quosi-steady model should work best in the higher pressure
regime, Agrezment ot R$ / Ro less than roughly 2 should not be expecied since ct

this sirall radius the actual impaci-generated stcess field has not smoothed out
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to look like it was created by an cpporent point saurce,

The verying energy model yields imp-sved agreement between theory aond
experiment, although deviations ore oppcrent ot either end of the pressure regime
illustroted, The slope of the p. essure~isizncs curve (the pressure decay law) .
is improvad over that produced by ihe quasi-steady model.

The oppiication of the varying energy model requires, as does the quasi-
steady method, o knowledge of the value of E/ Eo used to start the problem,

There is no clearcut physicol basis for choosing this parameter, unfortunately,
other thai: empiricolly. For this colculation, the following line of zasoning wos
used to select E/ Ee: Consider the spherical projectile of radivs vy to be ap-
proximoted by an L/D = 1 right circular cylinder of the same volume ond
equivalent radive o that impacts the target end-on. At the center of the
cylinder, the shocked state is o region of one-dimensional flow until such

time as raorefoctions from the edge of the cylinder reach the axis of the pro-
pagating shock wave, It con he shown that for the impact condition treated bere,
the rarefaction starts to Gitenuate the on-axis pressure after the shock wave has
reached o distance of Rs / R°= 1,61, If the one-dimensional impact conditions ure

used to calculate D/c and 7, this corresponds to (E/ Eo). =(.87, Because

g
of the shape difference, rorefactions will stort earfier in 'i‘:lehp:‘ocess and the on-
axis pressure should be affected ot smoller rodius for the spherical projectiie
actually used. Consequentiy, there is ot least some justification in choosing an
(E/Eo)iniﬁal with o value less thon 0.87. Based upon the agreemant with the
experimenta} data, (E';Eo)ini fial
plausible based u:on the above argument.

was chosen to be 0.5, ¢ numbar thot is ot leost

Even though the selection of the parameter (E/ Eo}iniﬁo! has tc be chosen
empirically, the varying energy modei does succeed in improving the agreement
between theory ond experiment at the higher pressure region cud ields batter
agreemant in the pressure-distonce curve siope out to ¢ shock radius of about
Rs / Ro = 18 where non-hydrodynamic processes become important. Further

investigation of the selection of the starting energy parometer will be required
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oefore this model can be used with any confidence for othsr materials or pro-
jectile velocities,

Karpov Mcdel, In evaluating Rae and Kirchner's quasi-stcady medel,
Karpov {Ref, 11) examined Eq. 35 ond noted that it involves a physicaliy un-~
reclistic singularity in the shock velocity of RS / R°= C. He therefore sug-

gested thot the coordinctes be shifted such that the shock - slocity remains finite

at R =0:
— s __ s 1(y
E/E,=1{D/¢) i R, Rol ()

(Eq. 49)
where R'_/ RO is a_conston? whose value is to be determined by ¢h= one-dimensional

impact conditions, i.e.

. — E/E,
s/ 70 /92 v )
impact impact

(Eq. 50)

If the quontity R'S/Ro is cclculated as indicated, and Eq. 49 is used in
lieu of Eq, 35 in the quaci-steady model, the results of Fig. 108 are obtained
for the impact problem defined in Table X, The results are cresented for
severa| values of E/Eo since again this is a perameter that con be varied, al-
though once chosen it coes not chonge during the calculation. The “natural® value
E/’Eo = | yieids poor resuits, The more or less arbitrary selection of £/ Eo = 2,
however, yeelds surprisingly good resuits. The agreement between the £/ Eo =2
curve and the experimental results is excellent except ot the high pressure end ond,
of course, at rodii of Rs /Ro > 20 where non-hydrodynamic processes alter the
behavior, Even in the region Rs / R°< 4, the agr2ement between this model and
experiment is reiatively good since the few experimental points available in this
region predict roughly the behavior dsmonsirated by the HEO = 2 curve,

Agein, however, gocd agreement between experiment und theory is obtained

only when the garometer £/ Eo 's properly chosen empiricaify. Applications o
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different impoct cases are reguired to establish o nwre rational hosis for the
sefection of this parometer,

Other Results, in each of the similority models discussed, the value of

Y used in the perfect gas equaticn of state has been allowed to vary o com-
pensate for the fact that a solid does not really obey this form of the equaticn of
state. Figure 109 illustrates the large changes in ¥ reguired by each of the
models to account for, in on cpproximate way, the non~similar effects in the
hydrodynomic fiow in a solid, Extremely lorge values of v ore encountered
in the Rae cnd Karpov solutions, while the varying energy model developed here
axchanges a portion of the variaticn in ¥ for changes in the driving energy, E.
In explanation of the variation in E/ Eo' the interpretation is made that increases
in &/ Eo do not imply energy is being created, but thot a similarity solution cor-
responding fo a higher energy is necessary to match the behavior of the solid at
larger shock radii.

A~ong the models, the behevior of the shock speed is different ot small
shock radii. As mentioned before, for the quasi-steady and vorying energy
models, the shock speed is somewhat artifically limited so thet it does not exceed
the shock speed predicted at impact with one-dimensional theory. If left un-
constrained, the shock speed in these models would tend toward infinity as Rs
opproaches zero -~ a situation which does not occur in real impacts. The
fundamental assumption of the approach taken by Karpov removes the singular
behavior of the scund speed for this model, For each model, the shock speed
opproaches the bulk wave speed, ¢, at large shock radii as would be expected,
These effects are shown in Fig. 110,

As shown in Fig. 111, the shock trajectories predicted by the various
models ure very similar. Measurements of shock trajectory do not, therefore,
represent o very sensitive test of the relative merits of these models,

Cylindrical Blost Wave Madel, An additional similarit, ~type model was

develooed by Heydo (Ref. 23) based upon o semi-empiricol combination of
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cylindrical and spherical biast wave solutions. The model was derived on the

basis of o cylindrical projectile of ength LP and rodius RP impacting the target
$ normally. If it is assumed that Lp= ZR ond tae resulting cviinder is replaced
3 with o sphericol projectile of equal volume and dicmeter 'J=\3/72- Lp, then

Heyda's resuits, in dimensionless form, are as foliows:

p/e=43k @ V2 -%/2)
3 (Eq. 51)
| R,
3 where Z = “é‘s- - = (Eq. 52)
E o ‘o
; T =1.055 (2), as cbigined from the cae-dimensional resuit
¢ ‘impaci
E (P—) = 13 (-Y') derived from Eq. 43
« ¢ ‘impact 2 ‘¢ :
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/6
(d/Ro )] / v,=-1/3
k =0.368 (=)
6 J c
Rso Rs% 2
—E- = —ﬁ-— - 6,717 ']:. (Eq' 54)
) o
Ba M0
R R ¢ ‘impact
o )
h_ VT (d/Ry)
R 2 . .
o o/ -[0/e) - 1/2 wv/ef (Eq. 56)
ey = speed of the rarefuction wave behind the shock front at impact
conditions,

The shock trajectory is given by

g1 [23/2/3+§ 24+7%Y? L B2 -5

R ™2
o
ct] -3 -
+ 23k () -k (6.671n1.59 k)l (Eq. 57)
_ !

The required empirical constonts were derived from the results of
numerical caiculation of hypervelocity impacts,

The results of the above method opplied to the impa=i described in
Table X are shown in Fig. 112, Several values of cH/c hove been used
since good data is not cvailable on this parameter, The values obtained with
cH/c = 2 correspond closely to those obtained by Billingsley (Ref, 14:23),
although this appears to be physically unrealistic.

The results are clearly quite inaccurate for this impact s tuation no
matter what volue of ¢, is chosen, While the cH/c =3 curve may provide a

H
reasonably accurate fit of the data at very early times (Rs / R°< 5) it fails
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cotastrophically at this point yielding unrealistic behavior in terms of the shock
decay. It appears, therefcre, that this model does not properly describe the
impact except possibly ot very ecrly time ond in regions of very high siress —-
a regime not investigated experimentally in this study,

Remarks, The similarity-like models are useful in understanding the
processes involved in certain regimes of the shock propagation -~ and in de-
termining .t what point and to what extent some of the simplifying as:urnptions
fail. The results obtained here describe the major features of the wave pro-
pagation phenomena out to a shock radius in the region of Rs / R°=== 15 or so
refatively accurately and indicate the relevance of the hydrodynomic model of
the behavior of this solid, The breakdo.sn of ihe modej when strength and
multi-dimensional factors became {mportan- is also shown. The doto has also been

valucble in the evaluation of the experimental shock trajectory data -- see
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chapter Vi,

The three models described above clearly illustrate the difficulty in
trying to predict analytically from ressonakbly tractable models the results of
o hypervelocity impact into a thick target., The quasi-steady solution first
proposed by Rae and Kirchrer does not appear to yield accurate results, al-
though it represents a dramatic imorovement over a straight similarity solu-
tion (constant v ) to the probiem. The modification of Karpov and the varying
energy model proposed here yield substantially improved results, but each in-
volves the us2 of an empiricol constont to obtain good agreement. Al} of these
models are based upon several simplifying assumptions discussed earlier, As
pointed out, they cannot properly predict (1) behavic~ ar the origin, (2) muiti-
dimensional effects such as the values of the variables off 1! » axis or the results
of oblique impact, (3) effects of rarefaction waves criginating ot free surfases or
malerial inferfoces, (4) flow propertiez far behind the shock front, as is required
to study crater growth, (5) ony effects where material strength properties are
importont, The more complete description of the hypervelocity impact croter-
ng and shock propagation problen: requires the application of modern finite -
difference numerical methods where many of the cbove restrictions can be re-
moved. The price paid is very dear, though, since numerical solutions are orders
of magnitude more complicated and expensive and =re still subject to a variety of

restrictions and uncertainties,

Comparison of Experimental ond Numericol Results

The similarity theory develcpments just discussed have clearly indicated
the extremely difficult problem of describing the complex hypervelocity impact
event using on onalytic approach., When complex geometries and strength of
materials are considered, the problem becomes absolutely intractable in that
fashion. The aiternative -~ numerical solution of the equations of motion by
finite difference methods -- has »roduced fruitful results and is the fcur dofion

of much of our current understanding of hypervelocity impact ard muliti-

187




caladiuie s ane kop £k

dimensionai shock wave propagation phenomena, These numerical techniques
are currently finding wide pt actical application beyond the study of hyper-
veloci.y imoacts into thick targets. The concepts, applications and limitctions
of the computer programs based upon these numerical techniques have been dis-
cussed briefly in Chopter 1l ond will not be repeated here, It is merely noted
again that the ultimate test of the numerical techniques is their correlation with
experiments,

The remainder of this chapter deals with the comparison of the experi-
mental data on shock wave propagation and attenuation generated in this study
with those few numerical results ovailable in o form suitable for such direct
comparison, These calcvlations have already been examined io some extent in
Chapter IV where comparisons with experimentual crater growth were made,
Here the region of interest is in the vicinity of the sheck front and, except for a
very short iime after impact, is far removed from the growing crater, The vario-
tion of the peck stress at the shock front os a function of shock radius is of
primary importance because of the available experimental dato and the over-
all check this provides on the performence of the numerical scheme, Addition-
af porameters, such as peak stress variation with angle off axis and the shape of
the stress pulse are discussed insofar as available data allows,

Results of OIL/ RPiM Codes. The OIL code (Ref, 58) represented the

firs* in o family of two-dimensional continuum mechanics codes written in
Eulerian coordinates and designed specifically to celculate irnpacts into solid
materials. OIL is o one-material code that treats only hydredynamic behavior,
A later member of this fomily, called RPM, incorporated a rigid plastic model
of strength behavior. Many of the best theoretical studies of hyservelocity im-
pact phenomena by Waish, Dienes, and Johnson (Ref, 8, 59, ond 60) were based
upon the opplication of these codes,

Fortunately, two sets of calculations that sorrespond roughly to portions
of the experiments conducted here hove been reported :n sufficient detail io cliow

direct comparison. The first was ar: OlL code calculaticn (Ref, 14) of the
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impact of a 435 cm aluminum sphere onto an aluminum target at o velocity of
7.63 km/sec. The results of the predicted variation of particle velocity (taken
in the form Vee= 2u) with distance into the target, RS, on oxis are shown in
Fig. 113, In addition to applying linear size scaiing, each point has been
scaled to a projectile velocity of 7.0 km/sec by the technique developed in
Appendix E. The on-axis experimentai dato is from Fig. 75 and Fig. &0

for impucts into 110C-0 and 6061-T6 aluminum at a projectile velocity of 7.0
km/sec. Since this calculation was purely hydrodynamic and only extended to
a shock radius of 2,15 cm the choice of alloy for comparison is unimportant
since the data from 1100-0, 6061-T6, and 7075-T4 alloys are indistinguishable
in this region.

Although the OIL results lie slightly below the experimentally derived
curve, they agree quite well with the experimental results, predicting both the
magnitude of the particle velocity and the rate of decay with distance quite well.
The behavior at Rs< 1 cm is roughly as expected, though no experimental data
is available in this region. This comparison is quite pleasing in that the expected
purely hydrodynamic behavior at pressures above approximately 75 kilebars is
verified,

The second set of results presented on the same figure are from an RPM
colculation by Dienes (Ref, 4C) of the impact of o 4763 cm diameter aluminum
sphere into an 1100-F cluminum tc-get ot 7.39 kmy/sec. The results were
linearly size scaled to the .635 cm diameter projectii¢ size of the experiments
and the dota was adjusted as before to correspond to the 7.0 kmy/sec projectile
imoact velocity condition,

In the purely hydrodynramic regime, Rs< 2 cin, only two calculated points
ore available, but the agreement with the experimental dota is excellent, At
lower pressures (Rs>3 cm) the calculated volues of the particle velocity are
some 25-30 percent lower thon the experimental volues for the 1100-C alloy.
However, the most striking feature of the dato is the apparent agreement with

*he slope of the experimenial curves in the regicn Rs>5 cm. Not enough compu-
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tational results were reported to determine the exact slope of the computer pre-
dicted curve in the region 2 cm<Rs<5 em or to determine if there is o rela~
tively abrupt change in the slope of the curve in the region of Rs= 5 cm.

The yield strength of the 1100-F aluminum used in Dienes' calculations
was taken to be 1.3 kilobars while the yield strength of the 1100-0 (annealed)
aluminum used in the experiments was 0,26 kilobars and thot of the 6061-Té
alloy was 2,76 kilobars, Censequently, while the correlation is not perfect by
ony means, it does oppear likaly that the RPM codc is predicting the strength-
dependent attenuation in a fashion similcr to thot described in Chapter VI, The
sources of the somewhat large scotter in the region RS>4 cm of the computer-
generated data points may be due partly to coarser zoning used in this region
ond is affected by this author's transcription of the data. It is somewhat un-
fortunate that more RPM deta points are not availoble in the transition region,
2 cm<RS< 3 cm, since this would help to decide just to what extent the RPM
ond experimentai results agree, indeed, additional calculations with oltered
material yield strength would be most useful in interpreting the meaa:ng of the
numerical results,

Based upon the availoble information, however, the an-axis predictions
of particle velocity (or pressure) as a function of shock radius by the OIL ond
RPM codes are quite good. There seems to be a slight {(roughly 10 percent)
tendency to underestimate the pressure ot any given position, Later members
of the OIL family of computer codes treat elastic as well as plastic materia’
behavior and may be expected to yield even better results.

Results of STEEP Code, Arnother series of continuum mechanics codes

based upon the numerical finite difference opproach has been developed and ap-
plied by B;ork, Rosenblatt, Kryenhagen, and aothers (Ref. 41) to a variety of impoct
problems, One ri:e-nber of this group, the STEEP code, was used by Rosenblatt
(Ref, 32) to calculate irapact srobiems for dirsct coraparison with the shock

wave propagation experimests described herein. The STEEP code is written

in a two~dimensional Eulerian coordinate system with cylindrical symmetry,
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It includes an elastic-plastic model of material strength behavior end a varisty
of other advanced features reloted io modeals of material behavior., The generai
features of this code as weli as the problems calculoted ore described in Chapter
il.

Specifically, the STEEP results include the impact of .635 cm dicmeter
spheres at a velocify of 7.0 km/sec onto both 1100-0 and 7078-T6 aluminum
targets at normal incidence, The yield strength used in the calculations varied
slightly from those reported in Table ll: 0.31 kb instecd of 0.26 kb for the
1100-0 alloy and 4,14 kb instead of 4.86 kb fo- the 7075-T6 alloy.

The results obtoined are shown in Fig. 114 which describes the posi-
tion history of the peak normal stress in the target, or: axis. The experimental
daota was derived from that presented in Fig. 75 and Fig. 85 of Chapter VI,

In the high stress region, Rs< 1.1 cm, the numerical results for the 1100-0 ond
7075-T6 alloys are nearly identical, confirming the essentially hydrodynamic
behavior of the materials ot these stresses,

For the 1100-0 ailioy, the STEEP code results tend to underestimate
the measured peck normal stress by roughly 20 percent, Except for this off-
set, however, the agreement between the theory ond experiment for this alloy is
quite good for the on-axis datq, i.e,, the slope of the stress decay curve is
predicted quite accurately out to Rs* 5 cm. At this point, a change in the siope
of the decay curve is expected, but is not appar ant in the numerical colculation,
Unfortunatwiy, the numerical colculation hed to be terminated ot Rsas 6 cm for
economic rzosons cnd the zoning was rather course at this radius, so it is not
possible to either confirm or dany the proper behavior of the code in this region.

In simiiar fashion, the STEEP results for the 7075~T6 clloy are o ;et
from the experimental results by 10 to 15 per cent, Aside from this, the agree-
ment with the experimental results is gcod, Even the expected change in slope
of the stress decay curve at about 2.5 cm depth is predicted well, although the
slope changes smoothly and not in the more abrupt manner indicated by the

experiments, Again it would have been instructive to have carried the 7075-Té
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cclculation out to a larger skock radius. Since only partial results are avail-

7

able on the STEEP calculations at this time, it is not possible to interpret these

celculations, other than in on uverall sense, in terms of the behavior discussed
in Chaopter VI,

Finally, the results of a very early strength code calcuiation by Read
(Ref, 61) has been included for comparison. This calculatior was performed

for the imoact of an aluminum projectile onto a hard (believed to have been

I PR YT N A KT R S Tl AR TRy Fraa aiy

6061-T6) aluminum target at 7.35 km/sec, The results have again been size
scaled and adjusted fo an impact velocity of 7.0 km/sec as before. The results
show poor comparison with either the experiments of this study or the later,
more sophisticated calculations by Rosenblatt shown on the same figure, at
least in the region Rs>l cm, It was, however, the comparison of the results
of this calculation with the experimental results of Charest (Ref. 13; see also
Fig. 94) thot led Read to postulate that the existence of o two-wave struciure
in the target was causing the fly-off disk technique ‘o record o reduced and un-
realistic stress measurement, Hod the more recent numerical resuits been
available, the question cf the response of the fly-off disks to the two-wave siructure
would probably never have been raised, This phenomenon is discussed from a dif-
ferent point ot view in Appendix D,

At this time, there are not sufficient detaiis of the csicuiotions avail-
able to construct complete peak normai stress vs shock radius plots as ir
Fig. 114 for angles off the oxis. Results are available, however, ot several
selected shock radii end are presented for an 1100-0 aluminum target in Fig.
115 ond for a 7075-T6 oluminum target in Fig. 116, The light dato points
are from the numerical results, while the dork data points we.e taken from the
straight line fits to the experimental data. Where error bars are shown, the
points have been obtained by extrapolaticn of these straight line fits info a
region of nonexistent or unreliable experimental results. The error bars in-

dicate o crude estimate of tha reliability of these particular points, but are not
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intended to be typica! cf errors a¢ sociated with regions where actual data existed;
there the errors are much smaller,

For the 1100-0 ailoy, the resuits for the on-axis case again show the
roughly constant percentage differenze between the experimental and numerical
results previously indicoted on Fig, 114, The percentage difference becomes
somewhat larger ot RS = 5 cm after the decay curve has changed slope, At the
25°, 400, ond 55° stations the agreement between the numerical results and
experiments is even betier thon it wos on axis, except of the iargest shock
rudius where some deviation occurs. Since there seems to be no physical
reason why the stress shouid ever be larger anywhere than it is on axis in
this geometry, it moy be that the boundary conditions imposed at the position
of the axis in the numerical colculction are disturbing the results slightly. in
any event, the effect is quite minor,

At the highest off-oxis angie measured, 700, the experiments measured
stresses substantially higher than those predicted numerically. This indicaied
thot the code is not properly treoting the effects of release waves in thz pro-
blem. At the larger shock radii, 3 cm and 3 cm, this same type of deviation
may be occurring even ot smoller off-axis angles., More Jetails »f the num~
avical results are required before this con be confirmed, however,

The resuits for the 7075-T6 oluminum targets teil cmost the same
story and are surprisingly consistent. Again the agreement between theory
ond experiment is improved of the intermediate off-oxis ongles ond agoin the
code predicts results at large angles which are too low by o substantial margin,
Ir. this case, the colculotions were not carriad out to a shock radius of & cm,
but the trend is clecr Gnd the experiments ar= consistert.

Finally, an attempt has been made in two cases to compare the complete
stress hisiory obtoined from the numerical calculotions with the records ob-
toined from the quartz disk arrival time probes, Since the quortz probes were

not calibrated for meosuring stress, the results have been norralized to the
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peak value in each cose and should be viewed with some caution, The first
case, involving measurements at 40° off axis in an 1100~0 alloy target is shown
in Fig, 117, The agreement between theory and experiment in the central
pcrtion of the pulse is extremely good -~ in fact, it is probobly too good since
there is o difference of about 4 mm between the positions at which calculations
and measurements were made. Nevertheless, the agi'eement in waveform is
quite encouraging, aspecially since the quartz probes were not designed with
this type of measurement in mind,
There is a substontial difference in the behavior of the precursor part

of the siress puise, It is difficult to say which is more correct, the gouge or

the calculation, since the uncalibroted gouge might be responding non-linearly

in this region. On the other hand, it is af least equally likely thot the code is in-
correct. Finite difference schemes such as those used in STEEP tend to smear
the leadirg edge of a pulse like this cver several zones, and here the zoning was
large enough that this effect couid have produced the longer precursor, Like-
wise, models of material behavior -- such as work hardening -- con offect the
structure of the elastic precursor, Bcsed upon the avoilable daoto it is not pos~
sible to assign reasons for the discrepanc: s, but these recards do point out the
desirability of performing well controlled stress history measurements for
comparison with the calculations,

The second records compared are showr: in Fig. 118, Here, os in-

dicated previously, no well defined elastic precursor is evident in the hord 7075-
T6 alloy. Tk': cgreement berween the calculations ond gauge records is obviously
not very good in this case. This is probably due to the fact that the probe measured
the wave at 84° off oxis, an extremely high angle where the stress is substontially
lower than that at 70° off axis. Rosenblatt (Ref, 32) notas the aopparent existence
of several weil defined and separated waves emancting from thie region of the
impact in the STEEP code resulis; *his is rather cbvious in the code results
shown in Fig. 118, The quartz record does indicare the possililz existence of a

second wave, aithough the behavior cf these gauges upon stress relief is much in
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doubt. The question of whether the multiple waves are real or numerically gener-

ated oscillations is still unanswered, but worthy of further investigation.

Summary

Existing analytical rechniques based upon the similarity theory of gos dynamics
have been applied to the hydrodynamic behavior of sclids aond the results have
been compared to the experimental resuits of this study. The similarity-like
models employed are useful in understending the processes invalved in certain
regimes of the shock propagation and in determining at what point and to what
exteni some of the simplifying assumptions fail. In the intermediate stress
regime, down fo within roughly an order of magnitude of the material yield
strength, either the Karpov or varying energy model yield recpectable agree-
ment with experiments, provided one constant in the calculation is correctly
chosen. Extensive modifications to the basic theory were necessary to get even
the most rudimentary ogreement with experiments because of the basic non-
similar behavior of solid moterials. Even so, the models describe purely
hydradynamic behavior and are unable to account for any of the many potential
effects of material strength upon the shock wave propagation.

Fairiy detailed comparisons have been made between ovaiiable numerical
calculations (particularly the STEEP code) ond the experiments with fovorable
results, Although differences in stress magnitude exist, the numericai tech-
niques were cble to predict with fair accuracy the attenuation of the on-axis peak
normal stress in the ‘a-get as a funciion of depth, including the effects of target
strength. The resulis were co.npared for several angles off axis and found to be
good except for the higher angles (~70°) where the code predicis stresses that
are much too low. Two quartz probe records cf stress history were compared to
numerical results and found to be in good agreement, although these results must

be considered preliminary.
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Viil. Conclusions ond Recommendations

Lonclusions
The primary objective of this research study, to determine sxrerimental-
ly the role played by material strength in an idealized hypervelocity impact situa-
tion, has been successfully accomplished, Experimental daia regarding the
phenomena associated with the region of the crater, including crater growtn
rotes, have been obtained for three ailoys of aluminum under varying conditions.
Similarly, accurate experimental meosurements of the propagation of the shock
wave {the peak normal stress) ints the target have been made for the same three
alloys. An analysis of the results has yielded reoscnable explanations for the
phenomena observed. Correlation with numerical calculations has shown that
the computer codes produce generally valid resuits buf that many of the detoils
are in quastion,
The following specific conclusions apply to the results of this research:
1. The experimental techniques develoned have yielded highly accurate
resuits describing the time variation of the geometry of craters pro-
duced in aluminum by hypervelocity impacts, The techniques are
opplicable to future studies with other geometries or meierials
provided the target is sufficiently transparent to the x-rays to pro-
vide ¢ good imoge.
2, The history of crater growth (either dicmeter or penstration) in oll
the aluminum olloys studied can be approximoted quite accurataly
by a simple exponential growit low of the form D/d or p/d=A -
8e Y™ where ~ is the exponential period characteristic of the im-
pact such that, to firsy osder, Dﬁnol /r and Pfinc! /r are constonts
independent of material strength,
3. In aluminum, rebound of the crater dirnensions at late times did

not occur to within experimentai error.
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rowth of the cutcide diameter of the crater

fip in the cases investigated yields an approximate measure of the
exponential period, +, for that case, but caution is urged in opplying
this conciusion outside the range of velocities and moterials in-
vestigoted,

Computer calculations (STEEP) tended not to predict crater growth
rates occurately, particularly ot intermediote times, Predictions
of final crater dimensions were generally not much better, yielding
results in several cases that would appear to be in error by ten to
twenty percent,

As expected, the experiments show different crofer growth rates in
materials of different strengths. This is the first experimental
evidence on traonsient cratering behavicr demonstrating the details
of these growth rate dirferences,

The fly-off disk technique coupled with a statistical treatment of the
results yields an accurote, reproducible, and relatively convenient
method for measuring peck ncrmal stresses in solids. It con measure
a wide range of stress levels, usually would not require direct cali-
bration, and could be oppiied to a variety of situations,

The resuits show thot, for the cases treated, the peak normal stress
varies 3s the shock radius to some power to high accuracy once the
initial projectile penetration has ceased. The stresz varies only
weakly with angle off cxis out to about 30°. The stress then drops
monotonically with increasing angle reaching the required value of
zero ot 90° off oxis.

Definite non-hydrodynomic stress attenuation has been detected in
the experiments. To the author's knowledge, this is the first
experimental evidence of such materiol strength dependence obtained
in o diverging geometry {(the effect hos been observed in plane

geometry, see Ref, 49),
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The quartz arrival time probes proved effective und demon-
strated the existence of considerable structure on the leading edge
of the propagating stress pulses, The resuits obtained are con-
sistent with the elastic-plastic model of wave propogotion described
in the text.

The comparison of Mek's one-dimensional calculations (Ref, 56)
and the results obtained here show thet the stress attenuation is
sensitive to the joading history in the crater regicon as well as to
matericl effects,

The results of analytic methods (modified similarity theory) for
caleulating shock wave propogation in this impact situation have
been compared with experimental results and found to yield good
results only in limited regions,

Comparisons of numerical calculations of shock propagation have
been made with the experimental results with generally acceptcble
agreement, Again, many of the details are in question. In parti-
cular, the numerical calculations fail to predict correctly the
stress ottenuation ct large angles off axis and do not clearly
indicate the point af which elastic or plastic unloading alters the
stress attenuation, It is extremely difficult to determine why
certain effects are (or are not) occurring when only a very few

calculations cre available,

Recommendations

Two types of additional studies are feasibie ord would contribute matericl-

ly to extending the mainstream of the effort reported herein, The first is the de-

velopment of techniques for monitoring the complete stress history (rather than

merely the peak) at various positions in the target. Techniques which are at the

forefront of the state of the art, such as compensated Margonin wire gauges and

las=r velocity interferometers, have become available only very recently and

could be opplied direztiy to this problem, Seccndly, it would appear useful to
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extend Mok's work (cne-dimensionai spherical colculations) to explore the effacts
of both loading history ard various material models on the stress attenuation
history. This type of study is far too complicated and expensive to perform using
the two-dimensional computer codes, Theoretical parameter studies ore very
important in interpreiing ithe results of experirnents in this field,

In cddition, the following specific studies could be performed using the

techniques developed herein (or minor variations thereof):

1. Studies of oblique hypervelocity impacts could be performed and
transient measurements taken, Very littie is known about shock
wave propagation under these conditions, yet the phenomena are of
practical interest,

2, Normal impacts into composite and/or porous materials could be
studied. In mony instances, it is the details of the shock wave pro-
pagafion through materials such us these that is of prime interest,

3. Dynomic measurements of impacts with projectiles moving ot
ballistic velocities (armor impacts, eic.) are of increasing impor-
tance, Many of the techniques described herein, both experimental
and numerical, are directly opplicable to such problems. in
particuiar, one such study invalving the determination of the effects
of projectile strength upon target response (ot ballistic velocities)
is already being performed under AFML and AFIT sponsorship.

4. Further experiments should be performed to determine if flat plate
targets could be used when additional shock wave propagation ex~

periments are desired -- see Appendix E,
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dppendix A

Reduction of Data Obtained
t'rom Crater Growth Flash X-Radiographs
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in this appendix, two problems ossociated with the reduct’on of x-roy
dota on crater growth cre discussed, The first of these problems occurs be-

cause the x-ray source, target, and film were not arranged identically for the

=R

various channels; consequently the apparent magnification in each radiograph

P YT LT

was different ond ceparate colibration was reguired. The cecond problem arises
because it wo~ necessary to yse smcll, thin torgets to obtain on accurate mecsure

of the crater size at early times, For such targets, the size can actuaily affect

the crater growth process, Methods were devised aos deseribed briow to pro-
perly account for each of theze problems in the dota reduction.

Puring each imoact event in the crater growth study a sequence of
flash radiographs was taken ot predetermined times ofter impact, The dif-
ference in moagnification on each x~ray crested by the geometrical arrongement

of the x-ray sources, target, and film holders was such that some distance ref-

M ALK SR LRI NIV L M s S
.

erence in the field of view was necessary for calibrating each flash x--ay.

TIETTY

Each x-ray channel had a substartially different magnification af the plone

i T Ty
DRI il 5y

of the crater and small changes in the placement of the target on the experi-

TR

ment lolder could change the magnification from round to round. The use of an
x~ray of the final crater for each round obtained after the event, but hefore the
target was moved in any way, proved an expedient way of obtaining the desired

reference dota, Whenever possible the dato fror the flash x-ray films was

expressed as a ratio of the instantaneous crater dimensions to the dimensions

measured in a post-event x-radiograph. In certain cases where jorget damage
precluded obtaining valid post-event x-ray data, the diameter of the target in

the instantaneous x-rodiograph was employed as o distance reference,
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An inherent problem in hypervelacity impact studies is that identicol
imoacts into identica! targets display a choracterisiic scatter in the final
crater dimensions. The rotio technique of data reduction used also contributes
to reducing such scatter in the croter growth data since the data for a given
round is normalized to tie actuai final dimensions for thet round.

Certain opplicutions require that the data be presented directly as the
crater diameter, D(t), or the crater dapth, p{t), as functions of time, These
are usually ratioed to the projectile diometer, d, so that the impact of different
sized projectiles can be compared, The procedure is to multiply the iatio of

the diameter D(t) Df, by « "stondard" finai diameter, D, , for iot material,

fo

L2,

D(t) ___[o;f;] 5

d of d (Eq. 58)

ch is o meon value obtoined from many measurements. The use of Df instead of

Dfo in this expression would fail to provide the reduction in scatter mentioned
above, [In additicn, measurement of a single crater diameter Df (or depth pf)
implies inherent inaccuracies due to the slight irregulorities of individual
craters coupled with the fact that for any given x-ray the D

f
that in the plane through the crroter center and perpendicular to the line between

required would be

x-ray source and film holder. This is a different plane for s2ach x-ray a
given round.

There are exceptions to the above procedure, In severo! cases it was
necessary to use thin targets fo obtain adequate contrast in the x-ray pictures
at very early times when the forming crater was still quite small. In these
coses, the final croter produced was not representative of craters in truly
quasi-infini*e targets, Absolute measurements of the instantoneous crater size
were made and compored to a "standard” finol diameter to obtain the ratio D(t)/

Dfo' Also for sufficiently smal! targets, edge effects may alter D(t) ofter
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The situation described above required that a "standard" final or post-
event depth and diameter be defined for each cluminum clloy tested. Over the
: years vast quaniities of experimentol information has been gathered on impacts
5 . into auasi-infinite targets. Unfortunately, the descriptions of the exact experi-
mental conditions and the characteristics of the target materials were many
times not well documented, Certoin empiricei formulas that describe the crater

depth have been developed. One of the eorliest was thot due ic Charters (Ref,

62).

RIS

CY R B " (Es. 59)
[+

where A and p, are the projectile and target densities raspectively, v is the

FE VR TVEAE SRR

- /
projectile velocity ond €, is the bulk sound speed in the material, (Et/ pi)l 2,

.
[

where Et is the target modulus of elasticity. The moterial crotering coefficient

1 { voaries slightly from material to moterial but always lies near the value of 2,0,

Clough (Ref, 63) indicates that for 7075-T6 aluminum, E:=6.96 x 10” dynes/ cm2

s WP SR

and {=2,00. Using these figures, for a 7075-T6 aluminum target, an aluminum
projectile, and on impact velocity of 7.00 kmy'sec, p/d assumes the value 2.50,

Helperson (Ref, 43) develops the formula p/d =2.36 v]/ 3-] .60 fer 1100-F

LB GG S 3 2 I

cluminum (Brinnell Hordness Number 25), however he orly claims gocd results

up to a projectile velocity of 6 km/sec. Indeed the \r]/3 is no longer the accepted
scaling law for hypervelocity impacts although it may well fit the dota in the range

i Holperson discusses, In any event, application of this formula with v = 7.00 km/sec

yields p/d-=2,91 for 1100-F aluminum,

~F
JOAD VNS M A4
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More recently Christman (Ref. 64) obtained another relation where the

SPCINITY,
Atk A/

target strength was accounted for by o parameter Bmax which is the maximum
Brinnell Hordness Number (BHN} measured in the vicinity of the sectioned target

. crater after the impact:

213




o u””w@

PR ETREAe oty

RSt i ared Bl Pl AL L R b b L L aCi VACE

EAT SR R

b T

haakl

I AL R e £ i

R bt Rl Al S

p 2//3 .p V2 . ]/3
$
B -205 -9> — (Eq. 60)
d p B
t L max

For 1100-0 aluminum (BHN25) the Bmox was found to be 45 kg/mmz.
Then for 7.0C km/sec projectile velocity, a p/d of 2,97 is obtained.

Unfortunctely, the material parameters for the other alloys in this study
were not available in the literature curveyed ror was information on crater dia-
meters, Ccnsequently, it was decided to onalyze al! the pertineni impacts that
hod been performed ot the AFML facility in order to determine reasonable a
averages for crcter depths and diometers, to determine the scatter in this data,
and to demonstrate the chonges created by target thickness. Table Xi shows the
results obtained, Selected weil documented resuits obtained by Cenardo (Ref. 65)
ond Halperson {Ref, 43) were added to the AFML data foi- analysis. Projectile
sizes lay between 0,318 cm and 0.635 cm and velocities hetween 6.0 and 7.5 km/

2/3

to adjust all of the duta 1o G nominal velocity of 7.0 km/sec while linear scaling

sec. In each case the projectile was alurinum. A scaling law of v/ =~ was used
was used to compare resuits obtained with different projectile sizes,

The quantities ap ond o Drepresent the root mean square deviation from
the mean for the p/d and D/d ratics respectively. The values in this table obtained
from recent experimental dota cgree satisfactorily with the values obtained above
from the relations of Halperson, ard Christmon for 1100 aluminum, The vclue
obtained using the Churters equation does r.ot agree well at all. indeed, the value
is more nearly thot obtained ot AFML for 7075~T0 aluminum. Table Xl presents
the raw dota upon which these averages are based, Targets displaying massive
spail e complete penetration were not inciuded,

Note also that for the case of 7075-T6 aluminum, the diameter is very
difficuit to define cue to brittle fracture of the crater lips and adjccent material

fate in the crater formation. This same effect accounts for the large scatter in
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Table Xi

Standard Croter Dimensions for Aluminum Alloys-1

Aluminum Average No. of Average . No. of
Alioy p/d %p Data Points D/d D Data Points
1120-0 2,99 0.08 49 5.20 0.08 48
6061-T6 2,07 0.06 8 4,14 0.21 3
7075-10 2,48  0.03 8 4,27 0.13 8
7075-T6 187 609 14 - - --

the 6061-Té6 diameter data. For the 7075-Té6 clloy, absolute values of the dio-
meter were determined directly from eaci: x-ray.

Figures 119 ond 120 present the daota as a function of the iarget thick-
ness, T, Whenever the target rear surfcce was not parallel to the frent surface,
the distance from the impact point to the nearest psint on the rear surface was
used. This data indicotes that the target thickness has little effect upon the
crater depth or diameter unti! some criticol thickness is reacked -~ a thickness
corresponding to massive rear surface spall or complete target penetration.
For each of these aluminum alloys the threshold appears to lie near o T/d
value of 6, although the dota is sparse in mest cases,

Several other projectile and target combinations are required for this
study although thera is not sufficient dcta available to study the behavior of
these materials as a function of target thickness. This odditional dato is pre-
sented in Tables Xl and XIV,

This dota indicates thot the use of the ratio technique of reducing the
flash x-raoy photographs shouid remain valid down to the target thickness thresh-
old point described above, For cases below this threshold, or for those events
where massive target spall or complete penetration occurred an absolute mea-
surement of the crater dimensions and separate evaluation of the validity of

each x~-ray must be made,
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Table Xii

Crater Dimension Doy -l

Projectile  Projectile Scaled Scaled Target
Round . . .
Number Velocity Diameter Depth  Diameter Thickness
] (km/secj (em) (ps/d)  (Dg/d) (T/d)

1100-0 Aluminum

2002 6. 86 0.3175 2.93 5.21 20.0
2003 6. 69 0.3175 2.94 5.190 20. 0
2064 6.90 G.3175 2.96 5.25 20.0
2005 5. 69 0.3175 2.92 5.33 20.9
2093 6. 84 0.3175 2.75 5.15 >20
4238 7. 156 0.3175 2. 83 5.17 19.5
2239 7.32 0.3175 2. 87 5.17 20.0
2384 6.90 0.317%:= 2. 87 5.26 10.5
2385 7.05 0.3175 2.92 5.24 7.5
2386 7.03 0.3175 2.90 5.17 7.5
2387 7.91 0.3175 2.71 5.05 10.0
2455 7.10 0.3175 2.83 5.1C 12.9
2456 7.01 0.3175 2. 86 5.20 12.0
2457 7.01 0.3175 2.74 5.24 12.90
2459 6.90 0. 3175 2.90 5.17 12. 0
2460 6.91 0. 3175 2. 87 5.11 12.0
2461 6. 80 0.3175 2. 84 5.15 12.0
2462 6.90 0.3175 2.95 5.22 12.0
2463 6.76 0.3175 2.91 8.25 12.¢C
2464 6. 87 0.3175 2.85 5.11 12.0
2503 7.16 0.3175 2. 87 5.15 8.0
2504 7.22 0. 3175 2,84 5.16 8.0
2505 7.14 0.3175 2.94 5.23 8.@
2521 7.30 0.3175 2.9¢6 5.22 8.0
2589 6.37 0. 635 2.94 5.52 7.0
2639 7.14 0.635 2.92 5.19 7.0
2640 7. 06 0. 635 2.37 5.23 7.0
2641 7. 061 0.635 2.94 5.12 7.0
2676 6. 80 €. 635 3.02 5.32 5.75
2719 b.96 0. 635 3.00 5.17 14.C
2811 6. 99 0. 635 2. 86 5. 18 6.3
2851 6. 43 0. 635 2.92 5.23 7.9
2860 6.70 0. 635 2.83 - 12.6
2854 6.70 0. 635 2.75 5.15 9.45
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Table X1l (Continued)

L ortatss i dgi Baae, Lodtiat i d o S Iy

Round Projectile Projectile Scaled Scaled Target
3 Number Velocity Diameter Depth  Diameter Thickness
it (km/sec) (cm) (ps/d)  (Dg/d) (T/d)
76 6. 85 0.4763 2. 86 5.29 t
: (o 6.54 0.4763 .90 5.34 1
: 4™ 7.20 G. 4763 2.95 5.22 1
f 6147 7.52 0.3175 2.71 5.02 1
615™ 7.02 0.3175 2.73 5.05 T
620% 6.36 0. 635 2.90 5.21 1
854 6.90 0.3175 2.77 5.17 T
900 b.25 0.3173 2.87 5,27 T
g4 ¥ 6.57 0. 635 2.98 5,30 T
5 W 6.72 0. 635 2.85 5.22 t
487%* 6.87 0. 635 2.97 5.30 t
277F% 6.74 0. 4762 2.98 5.22 1
2787 7.13 0.4763 3.03 5.17 1
280%% 7.38 0. 4763 2.96 5.16 1
284 %% 7. 01 0. 4763 3,02 5,29 1

6061-T6 Aluminum

2G06 7.18 0.3175 2.14 3.94 10.0
2007 7.14 0.3175 2.16 3.94 9.75
2008 7.19 0. 2175 2.42 4.06 4. 06
2012 6.50 0.3175 2.58 4.07 3.60
2014 6. 67 0.3175 2.72 4,41 3.50
2688 65.70 0. 635 2.63 3.60 6.32
2694 6. 80 0. 635 2.24 4.56 5.6
2806 6.70 0. 535 7. 06 - 6.3
2837 6.25 0. 635 2.06 4,51 9. 45
2838 5.93 0. 635 2.09 - 15.75
2842 5. &8 0. 635 2.01 . - 12.6
2863 65.70 0. 635 2.01 - 12. 6
2865 .70 6. 635 2. 06 4.15 6.3

7075-T0 Aluminum
2240 6. 95 6.3175 2.51 4.48 >20

% Ref, 66

=% Ref. 42

T Quasi- infinite, exact value not cited. Taken as >20.

218




Table X1 (Continued)

Round Projectile Projectile Scaled Scaled Target
Number Velocity Diameter Depth  Diameter Thickness
(km/sec) (cra) (pe/4d) (Dg/d) (T/q)

224¢ 7.20 0.3175 2.48 4.41 >20
2502 7.45 0. 3175 2. 43 4.17 8.C
2506 7.15 0.3175 2.52 4.10 8.0
2508 7.1 0. 3175 2.49 4.23 8.0
2519 7.47 2. 3175 2. 44 4.18 8.0
2522 7.34 0. 3175 2. 417 4. 34 8.0
2523 7.28 0. 3175 2.52 4.23 8.0

7075-T6 Alyminum

2242 7.15 0.317¢ 1.04 - >20
2247 7.17 0. 3175 1.99 - >20
2509 7.29 0.317» 1.96 - 8.0
2510 7.260 0.3175 1.93 - 8.0
2511 7.24 0. 3175 1.94 - 8.0
2693 6.97 0. 635 1.82 - 5.6
2804 6.70 0. 635 1.73 - 6.3
2823 7.00 0. 635 1.90 - 12. 6
2824 A.95 0. 635 1.83 - 12. 6
2825 6. 41 0. 635 1.88 - 9.5
2832 5.96 0. 635 1.95 - 4.75
2854 6.61 0. 635 1.74 - 7.9
2857 6. 44 0. 635 1.76 - 6.3
2859 6. 44 0. 635 1.382 - 6.3

———— ———

|
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Table X1l
Standard Crater Di. aensions for Aluminum Alloys-il

b — -
Nominal
Aluminum  Projectile Projectile Average Average
Alloy Material Velocity p/d D/d
{kmm/sec)
1100-0 2017 Al 2.30 1.56 2.60
1100-0 2017 Al 5.20 2.52 4,42
1109-8 2017 Al 4.10 2,217 3.94
1100-0 Steel 5.20 5.02 6.03
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Table XiV

Crater Dimension Dota-1|

Projectile Projectile Scaled Scaled Target
Round S . . S
Nummber Velocity Diameter Depth  Diameter Thickness
L i
(km/sec) (cm) (pg/d) (Dg/d) (T/d)

110C Aluminurm Target {Scaled to 2. 3¢ lan/sec)

1044 2.34 0.3175 1.49 2.62 8.0
1045 2.32 0.3175 1.53 2.57 8.
1049 2.29 0.3175 1.67 2. 61 7.1
1100 Aluminum Target (Scaled to 5. 20 km/sec)
2515 5.40 0.3175 2.53 4, 39 §.0
2516 5.03 0.3175 2.46 4,43 8.0
2517 5.07 0.3175 2.59 4. 40 8.0
2524 5.16 0.3175 2.52 4. 40 8.0
2642 5.42 0. 635 2.44 4.51 7.0
1100 Aluminum Target (Scaled to 4. 10 km/sec)
2598 4.19 0. 635 2.36 3.96 4,75
2700 4.03 0. 635 2.14 3.96 7.0
2701 4,09 G. 635 2.21 3.94 5.2
2702 4, 08 0. 635 2.30 3.94 5.2
2703 4.10 0. 635 2.28 3.94 5.2
2704 4,23 0. 635 2.35 3.87 5.2

1100 Aluminum Tar_g_e_t--Steel Projectile (Scaled to 5.20 km/sec)

2526 5.26 G. 358 4.96 6.02 14.2
2527 5.903 0. 358 5.01 6.13 i4.2
2528 5.13 0.358 5.08 5.95 14.2
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Appandix B

Experimental Crater Growth Dato

All the usable crater growth data acquired in this effort has been proces-
sed and is reported in this oppendix. The results discussed in Chapter IV are
based upon this date. The characteristics of each round fired may be obtained
by referring to Table IV,

The dote cbtained from flash x-radiogrophs is shown in Table XV, In
some cases, a given x-ray channel may have foiled to yield useful results either
because of unreadable x-radiogrophs or because of failure to record the timing
signals, These points have been eliminated from the date presented, Likewise,
the small percentage of rounds fired that failed to yield any useful information -~
usually due either to a broken projectile or a gross failure in the timing system
-- gre not reported,

In Table XV, the normalized time used, 1/d, has units of 1 sec/cm. The
timing method refers to the type of equipment generatirig the signal that indicated
x-ray firing; H.S. refers to the "head switches," X-TRIG to the output from the
x-ray thyratrons, and OTHER to signals derived from less cccurate souices,
generally a measurement of the time between impact and the output of an electronic
time delay generator, The estimated accuracy of the x-ray firing time is based
upon actual measurements of the relative times of activation of the switch, time
deluy generator, x-ray thyrotron driver, and x-ray tube head switches for those
rounds where complete timing dota was available, The data was averaged seporao-
tely for each chonnel to arrive ot an Gverage time delay and rms deviation from
this mean time delay. This rms deviotion was used to obtain the estimated ac-~
curacy of the timing signal.

The information on image quality is an average of the subjective evajuo-
tion of each film by ot least three readers. Even t+ e films rated ooor yielded

remarkedly consistert results,
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The datc on the growth history of the front surface plume was acquired
with a high speed framing camera, The orocessed results are shown in Tabie

AV1, The column labeled "case" refers to the type of exgeriment -~ the key is

provided in Toble Iil.
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Appendix C

Determination of Geometry for Muiti-Faceted
anad Holf-Cylinder Targets

The experiments conducted on shock wave propagation into the alumi-
num fargets required thet an accurate determination be made of the various
geometric foctors involved in cccurately describing the impact and the point
at which ¢ measurement was taken, Specificoily it was necessary to deter-
mine the distance from the point of impact to the point of measurement, the
angle between the prejectile trajectory and the line connecting the impact point
to the poi-t of measurement, and the angle between the shock front and the target
surface at the peint of mecsurement. This appendix describes the detaiis of
how these geometric rmeasurements were made for the severai types of targets
used,

Eoch multi~foceted target was designed so that the distances from tne
“nominal"” impact point to each recr surface along th2 line perpendiculer to that
surface were identical. The thin aluminum fly-off disks were piaced on these
rear surfaces af the points just described ond time-of-arrival prches were
slightly displaced from these points. It is a characteristic of light-gas guns
that the point of impact cannot be predicted exactly o priori. Con<equertly the
“nominal” impact point just described did not in general correspond to the real
impact point, The aoctual measurement of required distances and angles had to
be performed ofter the round was fired. For these experiments the cctual im-
pact point was clways within one projectile diameter of the nominal impact
point and usually closer, )

The geometry of the multi-faceted target is illustrated in Fig, 121, A
system of coordinates is defined upon the target front foce such that looking
down the gun Larrel towcrd the target, the x-oxis is to the right, the y~oxis up,

and the z-oxis back along the projectile trojectory. The origin is locoted at the
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"nominal™ impoct point (0); the actual impact point (b} hus coordinates (xl, Yy 0).
The comperzat of the vector from the origin to (b) that lies along the y~axis is
called ab,

R is the vector connecting the origin with the jth surface such that the
vector is normal to the i'h surface, R intersects the ]?h surface at the point (c).
The angle a, refers to the angle between the y~oxis ond the vector R, which lies
in the y-z pI‘ane. Then

R =Rcos « & -Rsin o8& (Eq. 61)
iy 1z

whera &€ , € ,ond 82 ore unit vectors, Also the vector ab = y|€ so that
x" Ty y

trﬁ—c_:g:(Rcos a. -y,)é& -Rsin o€ (Eg. 62)
iy iz ?
Then the vector from the impoct point to the point (c), nomely TS, is given by
5=-x‘ €X+(R cos . -y‘)é‘y-Rsin aiaz (Eq. 63)
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~1/20 2 2
ID}-‘-Vxl +y|+R -2y|Rcos ai (Eq. 64)

The unit vector along Dis ~l.)./ 1D while the unit vector along the direction cd
which is the normol to the front surface, is -éz. Consequently the angle ¢ be-
tween the trajectory and D is given by

—

D‘

sop="=x (-6 . 6
cos¢ IDI ( eZ) (Eq 5)
or R sin a, |
= os-] —l
¢ D! J {Eq. 66)

In many cases, instrumentation was located other than at the nominol
poir "<" on the target. Now consider a point p located at on crbitrary position
.th . o . .
on the | surface. In o primed cocrdinote system lying on that surface with

origin at ¢, the point » has coordinates (x ’p' v r

P
From the geometry shown in Fig. 122 scad = ¢d = ai and the x'~oxis
lies along the x-axis, Then the vector | F-om ¢ to p lying in the ith surface is
A=x € +y' sina € 4y' cos «.@ (Eq. &7)
px Vp iy p iz k

expressed in the unprimed system. The distance from the impact point b to the

point on the ifh surface is then given by d=D+T such that

- 2 .2 . 2
d _ldl=l/(6p -xl) 4+ (R cos ai-y'-}-yp sin ai) + (yp cos ai - R sin ai)
(Eq. 68)
and if 8 is the angle between gor_@ the unit inward normal to the front surtace

(i.e. the trajectory) then Los§= d. (-’éz) or

d

-1 "=~y cos a TR sin 4,
9 = cos £ ld L

(Eq. 69)
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- .th .
Likewise the angle B between the vector d and the | surface is given by

ST ~ . .th .
cos B=(d/d)- n where n, the unit outward normal to the | surface is

A=cos «.& -sin a.@ {Eq. 70)
I v | Z

d

Consequently R-y. cos a
NI A R |
B = cos [ ] (Eq. 71)

In proctice, it wos necessary to measure the placing of flyere and probes
on the surfaces with respect to the “corner” f between the ith ond |+ l'h sur-
faces. In order to converi to the prired coordinate systern centered ot ¢, it is
necessary to determine the distance fc. From the geometry:

cos (ai'H - ai)=R/(R+€§) (Eq. 72)

since ah - ac — R by construction, Then
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R

&= — -R (Eq. 73)
cos ( ai_H i)
since gh . ha ond fc L ac, €==ai Ly T Consequently
e
_g€
ton £ =12 (Eq. 74)
yielding
= _ofl-cosé
fe = R( sin ¢ ) (Eq. 75)

In practice, the measurements of the location of flyer disks and time-of-
crrival probes on the rear focets were made immediately ofter the target was
prepared and were recorded on standard forms, Measurements were made care-
fully with a scale and are believed to be accurate to within about=+0.2 mm. After
the round was fired, the coordinates of the impact were rneasursd with respect
to the nominal impsct point which was merked on the target prior to impact, The
impact point was meosured using a reticle consisting of G series of concentric
circles and perpendicular lines on a small transparent plastic piate.

The reticle was placed over the crater and moved manualiy until the
center of the crater was best determined visually. This simple method was
checked using a mere accurate method where cross hairs were optically projected
onto the target face, The techniques gave very consistent results, The accuracy
of determining the impact point is estimated to be about +0.3 mm, aithough the
accuracy was somewhat less in those targets which were badly deformed by the
impact or where fracture, especially in the 7075~T 6 aluminum, crected uneven
cratering.

The equations derived above were impiemented in a computer program
which used the coordinates of the impact point and of each flyer or probe a5 in-
puts. Additional data such as the angles @ the "radius” R, and other informa-

tion identifying the shot and type of target were olsc required,




Calculation of the geometry for the cylindrical torgets was somewhat
less stroightforward, These targets were used only for short impact-to-surfoce
distance events where pressures were so high that free curface velocities could
be monitored in place of loosely attached fly-off disks. In every case, the pres-
sures were so high that the target was completely penetroted; it was impossible
to determine the impact point by inspecting the target remnants, In fact, cll
geometric measurements were cbtained from the Beckmoan &Whitley Model 300
camera photogrophic records of the event,

The major features of the standard froming comera data reduction pro-
gram are described in Chapter V. in essence, it prevides a statistical analysis
tr, determine the velocity and direction of motion of some "“paiticle" whose co-
ordinotes are cbtained from several frames of the record. A subroutine was
added which ollowed the determination of the meon coordinates of o fixed point
whose coordinates are provided from several frames, This is considerably
more accurate than dota taken from a single frame, The results of ¢ variety of
tests indicated thot the position of any clecrly defined point could be determinad
to within 0.1 ¢cm with respect to o reference system included within the field of
view, even when the camera was lecoted more than 35 feet fron: the subject, By
reading different points along some st-cight line in space, the projrom is also
able to provide accurate information regarding the angular position of that line,

Wher a cylindrical target is impacted near its centerline, the entire rear
surface expands at high velocity and in o very even and generally symmetric
fashion, forming a cloud or bubkle of debris. To determine the veiocity of any
point upon this surface, it is necessary to be able to follow the same point from
frome to frome, i.e. lo distinguish a given point on the rear surface from its
neighbor through a sequence of photogrophs. In general, the smoothness of the
exponsion makes the identification of individual points inypossible. Fig. 56 shown
previously iliustrates o typical expanding cloud.

It was necessary, early in the program, to perform altered experiments

cimed ot studying the characteristics of the expanding cloud and ot identifying
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the trojectory of individual small portions of the leading edge of the debris. The
technique used was bosed upon a series of experiments conceived by Swit, et al.,
(Ref. 46) ot this facility and used in several studies to explore the expansion
characteristics of debris clouds created by hypervelocity impacts into thin plate
targsts, The essence of the technique is that solid material is placed in the path
of the expanding debris, stopping some of the debris ond ollowing other portions
to pass by unhindered -- that is, the debris is split into identifiable componen?s
without affecting their subsequent behavior. A variety of experiments have
proved that the splitting process does not alter the debris cloud characteristics
of interest here,

As implemented for this study, the "cylindrical" torget is placed with its
flar face toward the gun burrel and its long axis parallel to the optical axis of the
camerd which views the back-lighted target in silhouette, A series of pairs of
closely spcsed copper wires was then located on ¢ circle centered on the torget
axis and placed parallel to the axis. The typical frame from the record of
Round 2730 is shown in Fig. 123 while o photograph of the target setup was given
in Fig. 34. Photographs were obtained from 3 1« sec before impact tc about 35
» sec after impact. For those frames taken prior to impact, poinis were read ot
the position of the corners and surfaces of the target, the position of each copper
rod,and the position of the incoming projectile. After impact, the positicn of
various identifiable points on the expanding debris front were recorded in as
many frames as possible,

The computer program then yielded, in a coordinate svstem tied to the
reference grid, the mean position of the corners of the targe* and each copper
rod as well as the line representing the projectile trajectory. This date was
plotted and »-sed to determine the point of impact on the target. Note that the
position of impact along the axis of the cylinder is unimportant since both the
target and expanding debris were viewed in silhouette, Fig. 124 was generated

from the computer printout of the doto read from the framing camers films.

239




TSR ARGV TR AR THTRITRy T8 T TR Iy RS TR Tl b Vm

EoD it i

Ll i) d b auilndd

VINRA LR

dodlliey

AR

KA o4

He—-Axis of Targe!

ATttt LAY TS

Mean Trojectory
of Proje~tils

ROUND 2730

A

4 VLSRRI

Fig. 124, Analysis of Debris E<pansion -- Round 2730,

X

PR A a TR

&3

Ca ey iy

LSal ek il




In this figure the iocation of the target was determined from the mean
coordinates genercied by the data reduction program and the projectile trajectory
' was determined in like manner as were the nointe 6-10 wkich represent the cen-
ter of the pairs of wires placed in the path of the expanding debris. Points 1-5
represent the mean position of the narrow "beam" of debris which passed tirough
the center of each pair of wires, The dotted lines then indicate the trejectory of
the debris at each point. When extrapclated back toword the target, these tra-
jectories appear to originate ot a point near the axis of the target -- a fact which
was used in the data reduction for later shots, The velocities obtained for por-
tions of the debris cloud for away from ony wires when compared with the veloci-
ties for the debris beam that went between the wire pairs indiceted that the wires
do not aoffect the velocity of this beam, The correspondence of the origin of
particle trajectories with the target axis was tested in several other rounds in-
cluding 2728 and 2729 where solid .16 cm diometer brozing rods were used to
split the cloud in lievu of pairs of fine wires, The results obtaired from these

rounds was consistent with the trajectory origin discussed chove within mea-

surement error,

In’lcter rounds the splitting technique was replaced by simply placing @
plastic  sheet in front of the field of view with lines drawn emanating at pre-
determined angles from the target oxis. The camero tc subject distance was so

large thot paraliax was no problem,

Feor either type of experimeni, the target geometry factors of distance
from impact to point of origin of a given particle on the back surface and of th2
angle between the projectile trajectory and the line from th impact point to the

point on the rear surface were determined as follows:
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The pu."tion of the torget and the projectile trajoctory, both obtained from com-

puter output, were plotted to obtain the impact point "a*. The point "d" represents

the mean position of a series of readings of a given particle whose motion was
followed by the framing camera, Using the assumption thot the particie tra-
jectory passes through the axis of the target, a straight line extrapolation from
"d" to "b" was used to obtain the point "c¢" on the rec: surface of the terget at
which the particle in question originoted, The distance from impoct to the
porticle origin was obtained by measuring the distonce ac. The angle eac
corresponds to the trojectory of the shock wave from the impact point to the
particle of interest, The angle at which the shock wave impinges upon the rear
sur-foce ot the point "c" is the angle acb,

The overall accuracy of determining the geometry of the zylindrical

targets by this method is not as good as thot used for the mulii~faceted targets.
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Indeed, this undoubtedly accounts for o portion of the larger scatter obtcined in
those experiments where the smol! half cylinders were used as targets. The
camera yields position informatien which is on the average good to less than 0.1
cm, For those targets where the impact was near the axis, the final measurements
of distances were probably good to about 0.1 cm, while ongles could be meusured
to chout =1°, In a few rounds, the impact was more than one-tiﬁrd projectile
dicmeter off dead center, In very small targets this resclted in a nc i~symmetric
expansion of tie debris cloud -~ making the photogrophs mor: difficuit to read ond
interpret - and possibly negating the assumption that particle trajectories oass

through the target axis.
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Appendix D

Pressure Measurements by Fly-off Disks

Hepkinson Fly-off Disks

The fly-off disk inethod of determininyg peck stress in a shock wave is
based upor. the technique developed by Hopkinson (Ref, 66:78-80) in 1914, The
technique was first oppliec to hypervelocity impact measurements by Charest
(Ref. 13) who obtained data describing the shock decay on-axis in 1100 aluminum,
In essence, the disk is used to trop o portion of the momentum available ir an in-
cident stress pulse, The measured velocity of the disk is then sufficient to
ollow determination of the magnitude of the stress pulse incident on the disk,
Errors in determining stresses from the disk velocity data can arise from
several sources including oblique wave incidesce, edge effects, two-wave stru-
ctures, etc. Each of these subiacts is discussed in Chopter V. Two aspects are
discussed in more detail hee: (1) the use of Hugoniot data to provide the relo-
tion between the disk velocity ond the stress ar the rear surface of the target,
and (2) the possible effects of o two-wave structure on the interpretation of the
fly-off disk velocity.

Theory of Operation. Assume thot a piane wave of constant amplitude is

incident upon a free surfoce to which o thin disk of thickness T hes been attached
with o zero strength adhesive (see Fig. 126},

The momantum per unit area M, tropped in the disk is then given by:

d

= [€
Mp ‘o[a'n(*) df ‘l.q. 76)

whare a is the stress normal to the interfoce and = =27 /D, twice the tronsit
time of the wave through the disk because the wave reflecis off the free surface at
the right. Thiz resuit cssumes that the reflected release wave acts as a rnega-

tive amplitude shock wave travelling at shock speed D for the short distance T in
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question, Provided the pulse is of constont amplitude for time 1, this becomes
Mdvd = .,n(z.T/D) (Eq. 77}

where M y and v 4ore the mass per unit area ond velocity of the fly-off disk re-

spectively. Note then that M, = £y T ond from conservation of momentum

4

ocross the shock front o = pODU. These then yield the resuit
v, =% (Eq. 78)

that is, the disk velocity is twice the materiol velocity ot the rear surface -~ a
well known approximote result,

Srress Wave Shape, This onalysis essumed a constant stress behind the

incident shock wave, In reality, the stress decreases behind the steep fronted
shock, If the duration of the shock wave is less thon twice the transit time
through the disk, the toial momentum -- not the peak stress -- is actuolly mea-

sured. At the other extreme, for very thin disks, o good measure of peck stress
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is obtained, If the siress va ies sigriiicantly during the time it tokes a shock
wave to make o double iransit threugh the disk, an errcr will occur in the stress
me2asuremsnt since the average rather than pzok stress will be obtained As out-
lined in Chopter V, caore was token te keep the fly-off disks sufficientiy thin that
the stress wave decayed only very little during o double shock transit ocross the
disk, thereby assuring that peck stresses were measured,

Free Su: foce Aoproximation. The analysis above is simplified in that it

treats the wove reflection by suparposition (a linear process) ond trevts a rore~
faction wave as a shock wave, In reolity, the process is non-linecr anc the
rorefaction is on isentrcpic reloxation process, The rear surface velocity is
currectly given by (Ref, 67:718)
P
v,=y-+ ) (Eq. 79)

d pcC
[+

vinere c is the local sound speed and the integration takes place down an isen-

trope from the shocked state to zerc pressure, At low Lressures

P i VOP
LA c, (Eq. 80)

Bui the sound speed <, is:

1/2
) {Eq. 81)

hence

p
P_ - /
/ be ye v, -V) {Eq. 82)

o

However, from the Rankine-Hugoniot condition ot the shock front:

o pV_-V) (Eq. 83)
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Consequently ;'E =~u of low pressures cnd v 4= 2u os cited sbove. At
%o

higher pressures, this opproximation fails ond the velocity doubling rule must
be treated in o more exact manner.

It is o remarkobie fact, however, that for most raterials the velocity
doubling rule holds to within o few percent up to very high pressures, generolly
several hundred kilobars {Ref, 68). For aluminum, in particular, the error in
using the velocity doubling rule amounts to less thon 2% ot a pressure of nearly
400 kilobars and is considerably better ot lower pressures, ln view of this
result, the relation v 4= 20 has been used throughout ifiis study. [he errors
crected by this approximation aore less than one percent ir any of the pressure

maasurements mode,

Hugoniot Data
Given the velocity of o fly-off disk ond the velocity doubling rule it is

then possible io determine he stress magnitude (ossumed to be the hydro-
dynamic pressure) if the Hugoriot curve of the materiol, Py= pH(u) is known,
Rother extensive data is cvailable for severa! of the aluminum alloys. The doto
used for the conversion of fly-off disk velocities o pressures in this study ore
shown as the solid fine in Figure 127. The broken lines indicate how little dif-
ference there is between severai aluminum olloys. Data from cther vaurces,
for these olioys and for pure aluminum, ogree very weii with the data piotted
for 2024 luminum. In porticulor, the Los Alomos equction of stare used in the
numerical crotering calculations described in Chopter VIl oroduces Hugoniot
data thot differs from the 2024 aluminum Hugoniot by  is then 0.1% up to 100
kifobors and 0.5% of 250 k ‘obars. In any event, the differences in Hugeniot dota
ore less thon the experimental errors in measuring fly-off disk velocities,

All cther quantities behind the shock freat, such as Pry ond D, can

then be calculoted by applying the Raonkine-Hugoriot equations.
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Effects of Two-Wave Structure

Severol studies [Refs, 49 urd 50) indicate that a two-wave structure may
exist in aluminum due to elastic-plastic effects, There i< e region of pressures
above the Hugoniot elastic limit but below roughly 100 kb where the shock speed
{(piastic wave) is subsonic with respect to the undisturbed medium through which
it is propagating. This can lead to the type of situation depicted in Fiy. 128 where
an elastic "precursor” travelling at sonic velocity =on lead the plastic portion of
the wave. The ampliiude of the precursor is determined by the dynamic yield
strength of the materiol.

It has been suggested by Reod (Ref, 61) that this two-weve structure might
alter the performance of o fly-off disk vsed to measure pressures, This was

proposed as a possible explanation of the discrepancy noted between the resulis
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of Charest (Ref, 13) and computer predictions of a similar probiem. The purpose
here is to perform a first order, simplified analysic of fly~off disk performance
when subjected to a simoie two-wave input,

For this anclysis, the shock wave is assumed to be planar. All shocks
or2 assumed to trave| ot the same speed. This is slightly inaccurate <ince
elastic ond plostic waves travel ot different speeds. Howeve:, only short shock
travel distonces are to be considered here, so the errors generated by this as-
sumption are quite small, Waves refle:ted in tension at an interfoce are os-
sumad to trcvel as tensile shock woves, Referring to Fig. 128, the rignt-
travellin:: elastic precursor is reflected in tension from the free zurface. The
reflected te-sile wave then interocts with the oncoming compressive plastic
front, producing reflected ond tronsmitted waves, It is this and subsequent
intzrastions thot could affect the ultimate velocity of the rear surface (i.e., the

disk).
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In onclyzing rhe interaction of the tensile elastic wave and the plastic
wave, it is assumed that to the incoming wave {either the plastic or elastic
wave depending on the point cf view), the other wave front merely represents a
chiange in medium with a differsnt density, sound speed, etc, The resulting in-
teractions are then cclculated using linear superposition, both for pressures ond
material velocities. Although sheck propegation in solids is basically a non-
linear process, this orocedure produces only small errors so long us the pres-
sures are relatively low,

The interaction of a shock wave ot the interface between two mediu is
depicted in Fig. 129. The incident wave has amplitude Py its interaction with
the interface creates reflecied and tronsmitted w--vas, PR and Pye respectively.

To ovoid separation ot the material boundary, the pressures must be
aqual on each side of the bourdary:

P+ PR =Pt (Eq. 84)
and the material velocities must yield

Uy = U = Uy (Eq. 85)
Defining the shock impedance by 2 = p°D and opplying the conservaticn of

momentum relation p == poDU at the shock front the foiiowing are obtcined

PR Zg=Za
P ZA+ZB (Eq. 86)
and
D 2Z
T B
= - {Eq. 87)
P, ZA + ZB

which are the well known impedance relctions. Note that at u free surface,
ZB== 0 yielding Pr= 0 and PR="P for the reflected tensil: wave, Likewise

the following relations con be obtained for the materiai velocities:
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Fig. 129. Wave Interaction ot Material interface.

YR _ 2%
vy ZptZg (Eq. 88)
“p 22, (Eq. 89)
v, ZA+ ZB

In this case, ot o free surface with ZB =9, UR'IUI = ~ | implies thot the
raterial velocity in the reflected tensile wave is opposite 1o the direction of the
wave propagation while 2 ,/ul = 2 recovers the free surface opproximoarion dis-
cussed above,

Row again consider the fwo~weve structure pictured in Fig. 128, An x~t
plot of the interactions of these waves is depicied in Fig, 130. fach wove is
numbered and identified as to whether its origin was elastic or plastic and to

whether it is o compressive or tensile wave, Assuming that the amplitudes of
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Table XVl

3 . Resuylts of weve iercctions

i Ne. Type Pressure {kb) Material Velocity (mm/p sec)
] EC 7.600 Da7
2 PC 22,000 132

] 3 ET -7.000 047

E 4 ET -3 -.001

3 5 oC 19.626 134
6 ET -7.131 046
7 PT -374 .002
8 EC 31 -.047
9 PT -19.626 334

the incident elastic and plostic waves are 7 kilobars and 20 kilobars respentive-
ly (for o tctai stress of 27 kb) the volues shown in Tabie XVII are cbtained for
the wave inierac’ions,

The results of opplying this analysis to the interacting wave system

shown in Fig, 130 is that the final velocity of the free surface (or the fly-off

ORI TN 7
Nepieiey

disk) is altered very little by the presence of the elastic precursor. The final

S LTl it S

free surface velocity calculated is .360 mm/usec os opposed to the vaiue of

-, 358 mmy/ usec that would have been obtained if the elastic precursor did not
exist, if no precursor had existed, the pressure near the rear surface wouid
simply hove been cancelled by the raflected tensile wave, As ponel D of Fig, 131

shows, the elastic procursor has drastically aitered the shaope and amplitude of

the pressurea pulse in the region of the target reor, but has made littie if ony
change in the ultimate velocity of the reor surface. Provided the incident pres-
sure pulse monotonically increases to the peak, the ultimate reor surface veiocity
wiil not be affected by the detsils of the shope of the rising part of the pressure

pulse,

253




*30010G 204 4 {0 UCHDR|JBY PADAN jong Jo sisAjouy ‘fg| ‘B4

Ja

- >
105 [veo | veo
! | | +%0
> Lol L -
p z 922 6Ll 2z eLr
m " ] ’.&... »
m b ] 0 X
m m ™M
723 m e m ™m
c - 3 L]
Y W o bd ®
LAl g = S 4
5 1vEl P ] € W22 K w3 3 "
o . 5 g2 A £
onac...a“ m .m..s m
| ! . —_
| T
H
¢
L]
— n
_oo.”
7
. Wl
ey -0}
1) L) R 4
" () Sg WKL~ ¢ X002~ 4
.l‘iltllﬁ.lsoh“l”.“' .0!‘-“!“0'0.— .OICO.“'
0 990 N jeio0't
g oL e A
- 8-
-~ 200 %9 -2qq, |
— =R - . . i ;
" "
t
-3 - 250 - 26t
. el %3. .w..
[ )
....A.........nm......- AITTE rus...:.n:uon...a!. L, SR,
a 5 .




TV [FTTT TR

This effect is illustrored by o set =f numertcel calculations performed by
Read (Ref, 61) althaugh he interpreted the results differently. Several sketches
of his computer output, corresponding roughly to tae situations depicted in Fig.
131 are shown in Fig. 132, Note that Read's results shaw considerably more
strusture in the wave form. By Panel D again, the pressure pulse has been
drastically altered by the presence of the elastic precursor. The last ponel
shows the time history of the velociry of the materia! in a zone near the target
rear surface, The velocity increases monotonically, although with some struc-
ture, to a paak velocity that corresponds to that of the peak pressure in the in-
cident weve,

Using an anclytical approach, Fowles (Ref, 49:1481-1482) studied the
effect of elastic-plastic bohavior on reor surfeze motion due to o stress wave
created by a planar impact. He opproximated the release poth of the material
onu determined that the effect of elastic unloading on the rear surface velocity
was quite small, o few percent in the worst case,

The above calculations and results strongly support the conclusion that
a dual wave structure has little effect. if any, upon the pressure volues obtained
‘rom experimental fly-off disk data, The discrepancies such as thasa cited by
Read that exist between numerical and experimentol results cannot be explainad

on the basis of the mechanisms discussed here.
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Fig. 132, Numerical Results -- Dual Wave interoction
From Ref, 61.
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i Appendix E

3 ' Adjustment of Rear Sur.>ze Velocity Data for Variations
in Projectile Velocity and Shock Incidence Angle

5 The experimental rasults described in Chapter VI wera obtoined

under carefuliy controlled conditions where as many variables as possible
were held fixed, However, there is inevitably some smali scatier in the pro-
jectile velocities generated by the light-gas gun launcher. In each experiment,
the nominal projectile velocity was 7 km/sec, but actual projectile velocities
varied between 5,9 km/s2c and 7.3 km/sec with nearly 75% of the experiments

having projectile velocities in the range of 6,6 km/sec to 7.2 km/sec.

AR A LA I 0

Likewise the point of impact upon the target cannot be controlled

exactly. The targets were designed so thai, if the impact were ot the nominal

SR AT M

aiming point, the shock wave would be normelly incident on each rear surface

where a measurement was being made. This assumes, of course, that the ex-

pansion of the sheck wave is spherical and centered ot the impact point. When-
ever the actual impact was off the ainiing point, the shock wave was incident
upon the rear surface ot a slight cngle. in ecch case this angle was measured
(indirectly) again assuming a spherical shock front) after the event. The angle
was found to vary from zero degrees (normal incidence) fo a moximum of 14°.
This oppendix describes techniques for odjusting the experimental deta
to agcount for small variations in projectile velocity ana angle of incidence of

the shock wave with terget free surfaces.

Angle Veriation
To obtain a first order correction for the free surtace velocity produced
. by a shock wave impinging upon the surface ot some angle, & , consider the fol-
lowing situation. Assume thet o plane wave is incident upon a flot surface and that
the wave has a particle velocity vactor U with direction olcng the divection of

wave motion. The components of T are uy=u sin & ancu .= ucos 5 representing
n
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the projection of U tangent to and normal to the free surface respectively, In
an experiment, the component Vee™ 2un is actually measured, since oniy motion
norma!l tc the surface is monitored (see Appendix D for diccussion of the velocity
doubling rule), This is also true if fly-off disks are used since the extremely
low strength attachment of the disk to the target effectively prevents the trans-
mission of the tangential component of the particle velocity, uge Experiments
conducted where disks were placed on {lat plate targets verify the stotement that,
even at rather high incidence ongles ( > 300), the disk acquires c velocity almest
normal to the rear surface, In either caose, a first srder odjustment to the ob-
served disk or free surface velocity can be obtained by simply taking the adjust~
ment law to be:

Yadjusted = Umecsured/ cos 8 (Eq. 90)

This is, of course, only a first order correction since such effects as surface
waves and shear waves generated upon refiection are ignored. In every case,
the angle of incidence of the shock wave is nearly normal, so first order effests
should dominate,

Reinhart (Ref, 66:11-14) considers o more accurate analysis of the reflection
of a plane elastic wave incident upon a free surface ot angle 8. His analysis
includes consideration of the refiected shear wove and his results indicate that
the "correction factor" due to oblique incidence lies within a faw par cent of
1/cos 8 outto § of sixty degrees whereupon the 1/cos 8§ law fails, This con-~
clusion applies only to a material (such as aluminum) with Poisscii's ratio near
0.34. Further investigation would be required before applying this simple ungle

scaling low to materials whase Poisson’s ratio differ substontially from 0.34.

Projectile Velocity Yariation

Four rounds were fired ot reduced velocity (~5.5 kra/sec) to provide
data for the empirical odjustment cf disk or free surface velocity as a function
of projectile velocity. Each of these rounds consisred of o <eries of fly-off

disks ploced upon the reor of a flot plote iarget in the monner described in
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Chapter V for the fly-cff disk development experiments. These resulis are then
directly comperabie with the results obtained in the development series at higher

velocity (7 km/sec), The charccteristics of these four experimenis are shown in

Tabie XVilI,

Table XVHI
Velecity Scaling Experiments
Rourd Terget Thickness Projectile Velocity
(cm) (km/sec)
2879 1.00 5.8
2880 2.54 6.1
2642 4,44 5.4
2870 6,83 5.2

The results of round 2642 were the most conplete and have therefore
been used to establish the scaling low. The results of this round os weil as
the results of several of the experiments performed at higher velocity are
shown in Fig. 133. The solid line is o least - squares fit to the doto acquired
from —~7 km/sec impact experiments onto 1100-0 aluminum targets (Table
XiX). To within the experimental error, the dashed line through the dotc from
Round 2642 is parallel to the solid line, This indicates that an adjustment or
scaling of the fly-off disk velocity dato from the lower impuct velocity vp(a) fo
the nominal velocity vp(b) can be accomplished by simple multiplication by o
scale factor:

vpsco!ed_. vprnec:xsus'ed ' va) (Ea- 1)
where the scale factor k is a function of the projectile velocity, vp. A simple
linear variation of the scale factor with projectile velocity has been chosen for

ease of application. At vp=-‘ 5.48 km/sec, the data of Fig. 133 yields k=1.537
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Fig. 133. Variation of Fly-O0ff Disk Veiocity
with Shock Radius and with Projectile Velocity
as o Parameter.

while at Vo 7.0 km/sec, it must be true that k=1, The lirear function k(vp)
is then defined by

k(vp) = 1+{[7.0 - vP]/(7.0 - 5.48)} - 0,537 (Eq. 92)
or

kiv )= 3.47 - 0353 v (Eq. 93)

An exponential functional form for k (lineor in Iogmk) yields very similar
results. In practice, this scale factor was opplied to experimental dato only
irc the range 6.6 km/sec < vp< 7.2 km/sec. it was assumed to apply to those
measurements made on free surface velocities as well ¢s those made from fly-
off disks.

The decrease in measured free surface or disk veiocity with increasing

RS displayed in Fig. 133 is due to three separate effects: (1) the usuc! decrease
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of stress in the torget with distance from impucts; (2) the increasing angle of
incidence, &, between the expanding shock front and the free surface; and
(3) the increasing angie off the trajectory, 8§ . The siope of *he line in Fig. 133
shouid not, then, be expected io correspond to the results of the on-axis measure-
ments of Chapter V! (specifically Fig. 75) where the incidence angle s was clwoys
smoll and where the angle off trajectory, 9, was clso near zero, As expecteg,
the results do not agree as evidenced in Fig. 134 where the results of the im-
pacts onto 1100-0 aluminum on-axis are shown by the solid line, The dota from
the pertinent flat plate development rounds (2610, 2614, and 2618j are included
for comparison os well as the doto from the lower velocity rounds described in
Tabie XVIIL,

The effectiveness of the incidence angle and projectile velocity scaling
lows developed here are illustrated in Fig, 135 where the data of Fig. 134

has simply been scaled sccording to the relation:

v =[k(v_Yco: £]v
ds;ct:de(.’ P d

measured

The agreement with the dota obtained in Chapter VI is substantially improved.
Those data points at the larger values of Rs for a given round correspond to iarge
angles off axis and do deviate from the sciid line as wos expected since the scaling
does not include any consideration of this angle. The correlation, although not
perfect, is substantially irnproved by this scaling procedure,

It should be noted that the development data of Fig, 135 has been scaled
over a wide range of the variables vp and 8. The finol data of Chapter \/!
has, however, been scaled over much srnaller ranges of these voriables. Con-
sequently, errors in the scaling laws are less important for thot application,

The unexpectedly good results cbtained by correcting the dota for shock
incidence angle with n simple cosine low raise an interesting possibility ~- that
of performing nroduciion experiments in the future with flat plote targets instead

of the multi~faced largets actually used. This would result in considerably less
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difficult and less expensive experiments. While the results described here are
promising, they are rot sufficient to justify such an approach. A srrall number
. of additional flat plote experiments might well provide convincing evidence for

or ageinst this proposition.
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Appendix F

Experimeantal Bata On Shock Wave
Arrival Times ard Fly-0ff Disk Velacities

This appendix contains informotion on the experimen’al data points
generated during the phase of the program devoted to studying shock wave pro-
pagation, The details of the experiments used to acquire this data are in Chapter
V. With that chopter as background, little further explanation of the data is re-
quired here,

Table XIX presents the data acquired curing the early development shots
when only flat plate targets were used, In every case, the target was 1100-0
aluminum. The parometer rp refers to the distance along the rear surface of
the target between the center of the disk ond the point at which th: line represent-
ing the projectile trajectory would intersect the rear surface,

Table XX contains the production fly-off disk dota analyzed in Chopter
VI. Similoriy, Table XXI presents the shock weve arrival data obtained during the
production program. The numbers in parentheses in the "Arrival Time" column
refer to the earliest signal (precurscr), while the other numbers refer to the

arrival time of the main signal.
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Tabie XXI
. Shock Arrival Time Data
Target Type Shock Radius Arrival Time Angle-Off
Round Alloy Sencor Rs (cm) t(pusec) Axis{deg)
2784 7075-T6 E 1.93 4,47% 26
E 1.95 4,52% 13
E 1.99 4.73 58
2185 6061-T6 E 1.9% 2.58 26
E 1.91 2.51 6
J N 1. 85 2.58 55
2787 7075-T6 E 1. 86 2.45 31
E 1.77 2.45 8
. = i.58 2.25 50
2789 6061-T6 E 1.78 2.4% 27
. E 1. 80 2.580 14
E 1.84 2.65 57
2791 1100 5 1.78 2.75 27
2799 6061-T6 Q Z 66 3.60 20
2804 7075-T6 Q 3.83 8.22% 40
Q 4. 1% 8.79%* 16
Q 4.28 9. 00 34
2.807 1100 Q 4,27 (6.29)6.75 37
Q 4. 00 {5.95)6. 35
Q 3.79 {5.65)6.15 48
2809 1100 Q 4,13 8.33% 42
\ 4.09 8.48% i2
Q 4.09 8.28% 51
‘ 2811 1100 Q 4.¢0 7.74 50
Q 4.0C 7.84% 6
Q 4,01 8. 04 46
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TABLE XXI{continned)

Shock Arrival Time Data

Target Type  Shock Radius Arrival Time Angle-Off

, Round Alloy Sensor Rs {cm) t (usec) Axis (deg)
E 4,02 8.49% 62
3 E 4,02 8. 34% 8
: E 4. 02 8.54% 32
2815 1160 Q 2.25 3.66 11
N Q 2.03 3. 44 10
; Q 1.9% 3. 40 63
2821 7075-T6 Q 3.04 4. 60 47
Q 3.00 4.76 11
2 2.98 4.78 84
; 2822 7075-T6 Q 2.11 3.79 80
kK Q 2.09 3.52 19
1 Q 2. 11 3.30 83
2824 7075-T6  Q 8.10 12.50 10
E 0 8.28 12.90 35
0 8.39 12. 80 65
2825 7075-T6 Q 16. 23 17. 00 60
3 Q 10. 16 16.9¢ 32
o} 10. 05 16. 80 6
Q 9.6: 16. 45 34
Q 9. 88 16. 50 b4
1 2937 7075-Té Q i.66 5.85% 16
3 Q 1.36 2.68% 44
; 2828 6051-T6 & 3. 02 4.75 70
- Q 3. 06 4.50 16
3 2832 7075-T6 Q 2.99 4.33 70
; Q 2.97 4.33 33
E Q 3.1 4,58 15
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TABLE ¥XI (continued)
! Shock Arrival Time Data
Target Type Shock Radius Arrival Time Angle-Off
Round Alloy Sensor RS {cm) t (psec) Axis {deg)
Q 3.15 4,53 28
24833 1100 D 1. 49 2.34 51
Q 1.52 2.52 17
Q 1. 66 2.6/ 6¢
2834 1100 Q 2.95 (4.39) 4. 60 73
Q 3.12 4. 65 H
Q 3.26 (4.75) 5.05 85
\ 2836 1100 Q 10.25 (15.80)18.10 62
Q 9. 96 (15.65)17.50 32
Q 9. 88 {15.35)17.70 63
2837 6061-T6 Q 6.24 9.97 50
Q 6.10 9. 85 z8
Q 6. 02 9. 47 9
Q 5.9: 9.28 29
Q 5.78 9.20 61
OoP 6.32 11. 52 44
oP 6.13 11.09 14
oPp 6. 07 iC¢. 19 23
2838 6061-T6 Q 10.54 (17.70)18. 00 65
Q 10. 31 17.45 34
Q 10.04 (17.10)17. 45 1
Q 9.67 1¢.30 44
Q 2.58 16. 05 63
: 2842 €061-T6 @] Q.01 13.60 67
Q 8. 42 14, 80 26
Q 7.96 i3.00 2
. Q 7.26 12. 00 40
Q 6.94 11,76 72
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TABLE XXI (continued)

Shock Arrival Time Data

b LX)

Target Type Shock Radius Arrival Time Angie-Off

i‘ Round Alioy Sensor Rs {cm) t (usec) Axis (deg)
: 2851 1100 Q 5. 67 9.25 68
3 Q 5.48 { 7.30) 8.15 41
Q 5.02 ( 6.75) 7.30 7
Q 4.59 { 6.15 6.73 4z
Q 4.96 7.87 19
Q 4, 44 { 5.80) 6.55 78
2857 7075~-T6 Q 4. 17 6.73 7G
Q 4. 07 6.33 35
2 4,10 6. 46 14
Q 2,98 6.38 46
Q 3.99 6.38 79
2864 1100 Q 6.83 (10.490) 11.70 70
Q 5.95 { 9.00) 9.80 2
2865 6061-T6 Q 4,01 6.55 69
Q 4. 07 6. 80 13

E---Electrical Pin Switch

Q---Quartz Probe

OP--Optical Fiker Probe

*----Apparent early trigger due to small fragments impacting target
slightly ahead of projectile.
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Appendix G

; F raming Comera instrumentation

The instruments used to measure the free surface velocity encd fly~off
velocity of the targets employed in the second phase of this study were high
speed framing comeras, Two types were used, a Beckmar. & Whitley Model
300 ond o Beckman & Whitley Dyriafax Model 326, The bosic operating features
of these cameras are listed in the table below while the remcinder of this ap-
pendix is devoted to a discussion of the special data handling techniques developed
to obtain accurate dota from the comera records. The details of the experi-

men . that employed these comeras ore contained in Chapter V,

Table XXit

Fraoming Camera Characteristics

Mode| 300 Dynafox Model 326
Type Fixed film with ultraspeed Filin in rototing drum
rotcting mirror and rotating prism
Maximum Froming 4.5 x 106 tps 2,6 x 104 fps
Rate
Minimum F raming Rote 3 x ]05 fps 200 fps
Min. Exposure Time 45 nsec 1.0 usec
ot Max, Framing Rate
Ratio of Frome Exposure
Time to Injerframe Time 1:5 1:41
ax, Number of 48 224
i Frames
Nominal Frome Size lemxZcm J1emx 99 cm
‘ Format 24 frames on each of two 8" x  Two staggered rows of
10" sheets of film frames on 35 mm film
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The choice of camero was determined by the expected velocity of the

object heing photographed. The Model 300 camera was used for all free surfoce

ARt il

meosurements and for all experimenic where the maximum fly~off disk velocity

was expected to exceed 0.4 mm/ u sec,

it

Model 300 Camera. Studies of the Model 30C camera performance

: have been made ot this facility by Preonos (UDRI) and the author (Ref, 70).

Variations in the time batween frames in the camera have been detected

ond o calibration scheme developed. Likewise the variation in magnifice-
tion f-om frame to frome has been calibrated, Optical distortion has been shown
to exist, but is rother small ond quite difficult to calibrate,

in practice, attempts to obtain velocity data from two or thrae frames
of position data have led to poor results, it oppears that the small errors noted
above are compounded by small film reoding errors, resulting in inaccurate
velozity calculations, This problem was effectively solved by using statistical
onalysis of the position data, A computer srogram is now available to generote
velocity data. The program processes the two-dimensional position data ob-
tained from as mony photogreph'c frames as possible, Interfrome times and
individual frame mognifications are adjusted according to the calibrations
mentioned above. A lecst-squares fit to the position points in x-y-t space
then yields a value for the velocity. The daio is automaticaily plotied zo that
ony deviotions from unaccelerated rectiiinear motion con be detected. In
addition, the program can be used to determine the coordinates of a fixed
point with respect to a fiducial point located in the field of view by averag-
ing the coordinates from several frames., The net resuit of this statistical
appreach is that, with proper techniques, positions con te determined to within
the resolution of the camera, and velocities con be determined to within 1-5%
depending upon the quality of the film record. The cemputer program provides
the rms deviation for the least~squcres 1it so that a measure of the velocity ac-

curacy is avoilable in'each case,
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Almost as important as the data reduction scheme described above has

SaCAMBINOSE G Ll i skl d

been the development ot an automatic digital film reader for accurately obtaining
! the position data from each frame, The details cf this system are described in
: Ref. 39. This device allows the reading of position points on each frame quickly
and accurately, automatically punching the coordinates of each point read on an
IBM card ready for use with the data reduction computer program, The net

result is that it is fecsible to record accurately ¢ large number of dota points --

A3 0 S aoa btk i)

a process which had beer an extremely tedious manual procedure,

Y

One potentially troublesome source of systematic error is determining
the average moagnification in a given event, This was done by placing a fiducial
of known length in the field of view, reading position points for the fiduciai, and
normalizing the coordinates of all other points to the value obtained from the
fiducial. The Model 300 camera was in a fixed location for this program a»d the
lens-to-subject distance remained fixed. Consequently a good decl of dato on

' average magnification was obtainec from a number of events, The resultant

average magnification obtained is feli to be accurate to better than 1.5%. Cne

remaining source of systematic error -~ interpresation of the film record -- is
o funciion of the quality of the film record ond voried from round to round. Ina
few cases, errors due to interpretation probably dorinated ol other errors,

Dynafox Model 326 Camera. The optical design of this drum type framing

camera is such that it does rot suffer some of the problems described abcve -~
such as variations in interframe time ond changas in magnificatior between fraomes,
Nevertaeless, a stotistical data reduction progrc ~ similar to thas used with the
Model 300 camera is used to reduce the data from this instrument.

The results obtained have heen quite good, For good film records with
ten or more usabie fromes of data, velocities can be determined such that the
stondard deviation from the least-squares 't of position data in x-y-t space is
less than 1%. Likewise with o lens-to-subject distance of rcughly 300 cm, the
position of o fixed point in the ficld of view can be determined to an accuracy of

less than =+ 0.05 cm.
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3 With this camero, the lens~to-subject distance was generally changed with
each event, resulting in a somewhat greater chance for error in determination of
magnification. A fiduciol in the field of view of each event wes used to determine
this megnification. Several tests indicoted that the magnification facter was known

*oan accuracy of approximately 2%,

The two comeras ond associoted data reducticn techniques described above

permitted the convenient ond accurate determination of fly-off disk end free sur-
face velocities in this study. The application of this instrumentation to the meo-

surement of free surface velocity is described in Chapter V.
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Appendix H

Dimensional Analysis

it is usually instructive in the development of analytic theories such as
the modified blast wave (similority) theories discussed in Chapter Vii, to pre-
sent the results in terms of either scaled or dimensionless variables so that
the results cf one problem may be more easily compared with those ¢ another
or so that scaling laws may be explored more directly. The application of the
principles of dimensicnal analysis (Rsf, 71 for instonce) leads to the definition
of consistent sets of such variables cnd :nay be used to derive the set of vari-
ables employed in Cropter VI,

Assuming that the problem is 15 calculate the spherical, one-dimensional
expansion of a shock wave in ¢ solid materiol created by a point source ex-
plosion (the solid moterial anclogue of the blast wave problem in gas dynamics),

ths set of physical quantities defined in Table XXIil was selected as being

pertinent,
Table XXIti
Blast Wave Problem Variables
Var'able Definition Dimensions
Rs Distance from source to shock front L
R A characteristic length L
o
E Energy characterizing the source MLZT-2
-1.-2
p Pressure ML T
. -3
P Density ML
., Undisturbed Density ML-3
u Particle Speed LT-]
D Shock Speed R
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Table XXill (Cont'd,)

Variable Definition Dimensions

-1

c Bulk sound speed LT

‘.,
W

Material constant in linear Hugoniot -

t Time T

Applying the = -theorem of dimensional cnalysis described in Ref, 71

the following expression is obtained:

R Roe"- E™ p% % pey%7 % % %0 % (Eq. 94)

-

Since = is dimensionless by the theorem, the right side of this equation

leads to three linear equctions relating the exponents for each dimension M,
L, ond T,

03+04+05+06 = { (Eq. 95)

c1+02+233 ~a, -305-3o6+o7+08+a9~—- 0

-203 -204 -07 -08 -09 +a” =0

Elirsinating Ay @ 6,0nd 9 between these equations, substituting the
results back into the originul ~-equation, and collecting terms yields the fol-

lowing set of =-factors:
(R_/R), (E/5 <R ), 6/ 5 D), (o/ o), (u/), ©/c) s, (/R )
s/ ol P0 o Po ¢ \P PO , \U/C), r >r o
which represent a consiztent set of dimensionless groups that moy be used in

this problem. The secend term may be used to defire the scaling length, Ro ;

through the relation
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Ro @ E/poc {Eq. 96)

The term (RS/RO) implies geometric similority, while those terms containing ¢
indicate how the parameters vary with this fundoamental materiol property. The

direct connection with Ro and E in Eq, 96 above is usuolly termed "energy

scaling."

2 .
Because of the direct implication that £ « vp here, cnergy scaling
implies that

R avy
o

2/3

and that all the lineor dimensions in the problem can be scaled in this manner,

In the t:'ue hypervelocity impact regime, where processes such as meiting and

vaporization may be occurring, numerical studies have shown that the relations
Ro « vp.58 is more nearly true,

The relation ct/ Ro implies that for fixed moterial (c = constont), the
time scales linearly with the charocteristic dimensions of the problem, This
result was used in Chapter 1V in presenting the crater growth dota, except the
projectile diameter, d, was used in liey of Ro since these two lengths core linecrly
related,

By adding the variable Y , the yield strength of the material with di-
measions ML-]T-z, to the list of parameters above and by ayain applying the

w-theorem, it is possikie to obtain the following dimersionless groups:

(6 64 6-6) - &)

The group that defines Ro « EV 3 ‘.”l'/3 implies that the geametric
and time scales in the problem are ¢ function of Y-]/ 3. If this reasoning is
applied to the crater grawth portion of the problem discussed in Chopter IV,
the scaiing implies that

289




(‘]1’:: ’ K

o,

(pc /d)ﬁnolq Y“}/ 3 where o is the crater psnetration, and
r/d « Y“‘/3 where r is the time constant for crater
growth as discussed in Chopter 1V, The experimental results indicoted that for
each case the exponent was approximately -0.2. The result above is surprisingly
close to the experimental value and expiains the reosons why botl: p/d and +/d

vary as the same function of the yield strength,
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